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OR over a century, physicists have diligently sought an explanation 

of the Volta effect. Although numerous and extensive investiga- 

tions have been undertaken for that purpose, no general agreement has 
yet been reached. This is due in part to the difficulties and uncertainties 
inherent in the problem which extend even to the simplest experiments. 
It is a matter of importance, therefore, that simple and crucial experi- 
ments be devised and that they be performed in such a way as to yield 
results which are incontestable. Not before is it permissible to attempt 
‘“‘explanations.”’ Hence the primary object of this paper is to establish 
more firmly some of the significant facts rather than to advocate vigor- 
ously any theory in regard to the fundamental nature of the Volta effect. 


EXAMINATION OF SANFORD’S RESULTS. 


A recent article! by Sanford makes such a study not untimely. He 
has described experiments the results of which, as he interprets them, 
furnish an effective argument against the so-called electrolytic theory of 
the Volta effect. He believes he has shown that the charge exhibited 
by an insulated conductor, such as a ball, after it has made contact with 
the inner surface of a hollow earthed conductor, such as a beaker, is 
dependent on the nature of the outside surface of the latter. This con- 
clusion, upon which his argument is chiefly based, seemed untenable to 
the writer because the generally accepted facts of the phenomenon, to- 
gether with incidental observations in an investigation now going on 
in this same field, left no doubt in his mind that the Volta effect depends 
solely upon the nature of the opposed surfaces. (By opposed surfaces 
is meant the two metal surfaces which, with the intervening dielectric, 


1 Puys. REv., XXXV., p. 484, December, 1912. 
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constitute the condenser system, the charge upon which is measured in 
experiments upon the Volta effect.) 

An attempt was therefore made to reproduce the essential elements of 
the experiment described by Sanford. The whole assemblage of appa- 
ratus was enclosed in a cage of wire netting however and a Dolazelek 
electrometer was used instead of an electroscope. While the results 
obtained were fairly consistent for observations taken consecutively there 
were large and apparently unaccountable variations from one time to 
another. After making several series of unsatisfactory observations, it 
was discovered that the silk cord which in Sanford’s experiments served 
to insulate the ball and to raise or to lower it was invariably charged. 
Decided induction effects were therefore produced which could not be 
eliminated even when the ball was attached by a wire so that no part 
of the cord came within 20 or 25 cm. of any portion of the beaker. Ail the 
cases described by Sanford were investigated several times but none 
yielded results which could be interpreted as Sanford interpreted his. 
In spite of the disturbing influence of the charged cord, there seemed to be 
no doubt that the Volta effect depended on the opposing surfaces. It is 
certain that in Sanford’s experiments, the true effect was masked to a 
large extent by disturbing causes. An insulating silk cord absolutely 
devoid of an electrical charge appears to be an impossibility. And when 
it is noted that the arrangement is then an ideal one for charging by 
induction it is obvious that the charge exhibited by the ball would depend 
to an indeterminable extent on the intensity and orientation of that on 
the cord. 


A. MODIFICATION OF THE EXPERIMENTAL ARRANGEMENT: QUALITATIVE 
MEASUREMENTS. 


In order to do away with the silk cord and the attendant disturbances, 
it was decided to insulate the metallic beaker instead of the ball and to 
operate the ball with an earthed wire. It was decided also to study a 
larger number of cases than had been investigated by Sanford. 

It was found that pieces of sealing wax did not serve satisfactorily 
for insulating the discs and beakers which were to be used because leaks 
and noticeable charges very soon developed. An insulating stand was 
then constructed of small tubes and narrow strips of brass with a portion 
of the legs made up of slender ebonite rods. The apparatus was disposed 
as shown’‘in Fig. 1, all being enclosed in a wire cage which was well 
grounded. All manipulations took place from the outside. 

The sensitiveness of the electrometer needle was such that when 
charged to about 30 volts a potential difference of one volt between the 
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pairs of quadrants caused the reflected image from the mirror attached 
to it to move 140 mm. at a distance of 125 cm. The conductor to be 
examined was placed upon the insulating stand and the ball lowered to 
contact. The grounding key, K,, was raised by a lever whose fulcrum 
was atfi. Then the ball was made to rise so far above the insulated body 
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Fig. 1. 


as to have no further influence upon it. This charge was divided with 
the insulated quadrants of the electrometer by bringing Ke into the 
mercury cup. Then Kz was raised, the ball lowered and raised, and K2 
again lowered in turn. These successive operations were repeated until 
the electrometer needle indicated practically no further increase in the 
charge on the insulated pair of quadrants. The latter were then at 
approximately the same potential as the insulated body. This method 
was used merely in order to conform as nearly as possible to Sanford’s 
procedure. The keys, K,; and Ko, as well as the wire attached to the 
ball were manipulated from the point at which observations were made. 
The potential indicated by the electrometer would of course not be the 
potential difference actually existing between the opposing surfaces at 
the time of contact. Nor indeed can the Volta P.D. be found with this 
sort of an experimental arrangement since the capacity of the system 
consisting of the ball and beaker or ball and disc cannot be evaluated. 
Comparisons may be made, however, between results obtained under the 
same conditions and definite conclusions drawn from them. 

The ball was one of steel, 5cm.diameter. Discs of brass and aluminum 
as well as beakers of these metals were used as the insulated conductor. 
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These were also covered in various degree with tinfoil. The discs were 
each 9 cm. in diameter. The brass beaker was 10 cm. in diameter and 
12.5 cm. high and the aluminum beaker was 10 cm. in diameter and 14.5 
cm. high. 

With the above arrangement, series of results obtained at intervals 
extending over days were in such excellent agreement that disturbing 
influences must have been quite removed. Such differences as did appear 
were no larger than could be accounted for by the probable errors of 
observation in this simple and comparatively crude method of procedure. 
Changes with time are also to be expected because of the variable surface 
condition of the conductors. The numbers given in connection with 
each of the several cases to be described are the means of three values 
obtained in as many complete series of observations taken on different, 
not consecutive, days. They represent in volts the approximate maxi- 
mum potential indicated by the electrometer in the manner outlined 
above when the steel ball had been in contact with the particular body 
under the conditions to be specified. The order of accuracy of the indi- 
vidual observations from which the means are taken lay within .02 volt. 

With the ball making contact with the center of the brass disc, the 
observed values were 

— .093 volt for one face, 
+.027 volt for the other face. 


This indicates merely a dissimilarity between the two faces. When one 
of the faces was completely covered with tinfoil the value was 


+.403 volt for the tinfoil surface, 


and when a circular hole 2.5 cm. in diameter was cut in the tinfoil thus 
allowing the ball to make contact with the brass without touching the 
tinfoil the value became 


+.023 volt for the first of the two faces considered above in the presence 
of the tinfoil ring, 
+.107 volt for the other face considered above in the presence of the 
tinfoil ring. 
The tinfoil has thus a marked influence upon the result although the 
ball does not make contact with it. Similarly with one face of the 
aluminum disc the observations gave 


+.690 volt for the naked disc, 

+.400 volt for the tinfoil surface, 
+.633 volt for the face covered with tinfoil except for circular space 2.5 
cm. in diameter in the center. 
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Again the tinfoil makes its presence felt. In both cases the change which 
it brings about is such as to bring the combined effect toward that 
observed for it alone and indeed the amount of this change is the greater 
the larger the difference between the independent effects of the tinfoil 
and the metal upon which it is placed. 

When the discs were replaced by the beakers in an upright position so 
that the ball made contact with the center of the bottom on the inside, 
the observed values were 


—.103 volt for the brass beaker, 
+.390 volt for the aluminum beaker. 


Upon placing cylinders of tinfoil on the inside of the beakers leaving the 
bottoms exposed, the values became 


+.047 volt for the brass beaker, 
+.357 volt for the aluminum beaker. 


The change brought about by the tinfoil is surprisingly great when it is 
noted that the portion of its surface nearest the ball was over 2 cm. away. 
The extent of the surfaces opposed to, and within range of each other, 
was very large however. 

When the outside of the beakers was covered with tinfoil, leaving 
exposed the inside surfaces, the values observed, after the ball had been 
brought in contact with the bottom, were 


—.100 volt for the brass beaker, 
+.380 volt for the aluminum beaker. 


These values are the same as those obtained with the naked beakers. 
The effect is, therefore, completely independent of the nature of the outside 
surface. 

This last conclusion was confirmed by using what was in effect a hollow 
vessel with a brass bottom and tinfoil sides. The brass disc was placed 
in the bottom of the beaker, the sides of which were covered with the 
tinfoil cylinder used above. The ball then made contact with the center 
of the disc. This gave 


+.093 volt with brass on the outside, 
+.080 volt with aluminum on the outside. 


Replacing the brass disc by the aluminum disc gave 


+.477 volt with brass on the outside, 
+.467 volt with aluminum on the outside. 


Evidence that the effect is independent of the outside surface is not 
wanting. (That the values for the aluminum beaker should tend to be 
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somewhat less than those for the brass beaker in thése cases, is accounted 
for by the fact that, since the aluminum beaker is larger than the one of 
brass, the capacity of the insulated system is slightly greater with the 
former than with the latter, forming a part of it.) 

When the brass disc was placed on the bottom of the inverted beakers 
with the ball making contact with the center of the disc, the observed 
values were 


—.067 volt with brass disc on brass beaker, 
— .060 volt with brass disc on aluminum beaker. 


With the aluminum disc replacing the one of brass, the values were 


+.403 volt with aluminum disc on brass beaker, 
+.390 volt with aluminum disc on aluminum beaker. 


It is here seen that the effect depends only on the opposing surfaces, as 
has been apparent in all the preceding cases. 

These several cases were varied by using also a brass ball, and a number 
of other special cases were studied but the results are not here presented 
since they are in every respect similar to those given above. They all 
furnish unmistakable evidence that the Volta effect depends only on the 
nature of the opposing surfaces. By none of the results is there suggested 
any argument in favor of the possibility that the effect depends even in 
the slightest degree on the nature of the surface of the outside of a hollow 
conductor when a second conductor has made contact with the inside. 
It is only those portions of the surfaces which are exposed to, and 
within range of, each other that come into play. All such surfaces con- 
tribute to the general effect according to their extent and relative 
proximity. 

It is to be noted, as stated before, that the numerical! results which 
have been given do not represent the true values of the Volta P.D. Also, 
since the capacity and relative proximity and extent of the opposing 
parts are not the same in all cases, the deviations vary accordingly. 
Thus, the effect observed between the ball and the aluminum plate is 
apparently greater when the latter is examined alone than when it is 
placed upon the bottom of an inverted beaker. The real effect is the 
same for both but does not appear so because the capacity of the insulated 
system is greater in the one case than in the other. However, except 
for the aluminum beaker being somewhat larger than the one of brass, 
the conditions and circumstances surrounding those cases which furnished 
the arguments for any of the general conclusions were similar in all 
respects. Hence the conclusions which have thus far been drawn are the 
inevitable ones which would be reached through a knowledge of the 
exact values of the Volta P.D.’s. 
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It is obvious that the surfaces of different conductors in connection 
with the earth, either separately or in mutual contact, are at different yet 
definite potentials with reference to the earth and thus exhibit definite 
potential differences with reference to each other. It must be assumed 
that the entire surface of a conductor in air is a seat of electrification the 
nature and intensity of which is characteristic of the surface. If the 
conductor is composed of dissimilar metals or if its surface is non-homo- 
geneous, then the intensity and character of the electrification displayed 
in various portions of the surface are variable and fluctuate in such a 
way as to reflect accurately the conditions in the region considered. 


B. A CLosER STUDY OF THE PHENOMENON: ‘‘ APPROACH” AND 
‘‘SEPARATION’’ CHARGES. 


A more detailed study of a few of the cases was found desirable and of 
service in extending and confirming the interpretations already given. 
The experiment was accordingly modified in this way: The conductor 
to be examined was permanently connected with the electrometer by 
means of the key, Ke (Fig. 1). After bringing the ball in contact with the 
conductor on the stand and raising K,, the grounding key, the ball was 
very slowly raised and the deflection of the electrometer needle noted as 
the ball moved upward. 

With a brass plate, there was a deflection of 6 mm. to the left just. as 
the ball began to rise which became greater as the ball rose higher, 
reaching a maximum of 12 mm. when the lower extremity of the ball was 
5 or 6cm. from the disc. As would be anticipated from the above, there 
was a deflection to the right when the ball approached the plate if the 
latter had been first earthed and then insulated. Furthermore when the 
ball moved away from a point near, instead of in contact with, the surface 
of the plate which had been discharged to earth and then insulated, the 
deflection was of course to the /eft. The deflection to the right indicated 
a positive, that to the left, a negative, charge. These have been termed 
by Majorana! ‘‘approach”’ and “‘ separation”’ charges respectively. These 
phenomena, if no others, make it necessary to assume that, whatever 
be the fundamental cause of the electrical manifestations at the surface 
of a conductor, they deport themselves just as would an insulated elec- 
trical layer of uniform (for a given conductor of homogeneous surface) 
distribution. It is under the limitations of this assumption that the 
surface of conductors will be spoken of as being charged. The surface 
of the ball being thus positively charged with reference to that of the 
brass plate induces a relatively negative charge in the latter upon ap- 
proaching it, and a positive charge in the quadrants of the electrometer. 
1 Phil. Mag., XLVIII., p. 241, 1899. 
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When the ball moves away the charges that were induced are redis- 
tributed. With the aluminum disc the approach and separation charges 
due to the ball were larger and of opposite sign to those noted for the 
brass, the aluminum being positive with reference to the steel ball. 

In the case of the brass disc covered with tinfoil except for a circular 
space in the center, it was found that while the deflection of the elec- 
trometer needle was 7 mm. to the right when the ball was far removed, it 
was to the left just as the ball began to rise, reaching a maximum in that 
direction when the ball was about 2 or 3 mm. away. Then as the ball 
continued upward it shifted to the right. This is to be explained as 

follows: While the brass is negative, the tinfoil is positive, with reference 
' to the ball. Accordingly, a relatively negative charge is induced in the 
brass, and a relatively positive charge is induced in the tinfoil. When the 
ball is completely removed these charges become free, the resultant 
charge indicated being of the sign of the greater. A negative deflection 
is first indicated because for the first 2 or 3 mm. the charge induced by 
the ball in the brass is released at a greater rate than that induced in 
the tinfoil. Then the relative change in induction between the ball 
and the tinfoil becomes the greater. The final charge displayed is the 
net result of all the factors at work just as the ball leaves the point of 
contact. It is seen to some extent how the individual factors contribute. 
| A brass beaker was examined in the manner outlined above, first 
naked and then with a tinfoil band about 3 cm. wide covering the upper 
inside portion. Fig. 2 shows the various approximate positions of the 
ball at which the deflections of the electrometer were noted together with 
the corresponding magnitudes of these deflections in millimeters. The 
fact that the end results were the same for both indicates that when the’ 
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ball was in the bottom of the beaker the tinfoil was too far away to exert 
any influence. It was found that this continued to be the case when the 
beaker was covered half way down on the inside with tinfoil. When 
extended beyond this point, the tinfoil began to make its influence felt. 
It is seen that the deflection which was in the negative direction showed a 
temporary increase as the ball approached and passed by the tinfoil 
collar. Considering the brass beaker alone, the increasing deflection is 
due to the separation charge between the ball and the beaker. With 
the tinfoil present there are successively an approach, and a separation, 
charge due to the tinfoil and the ball. These are simply superimposed ' 
upon the separation charge due to the ball and the beaker. A ‘‘tinned”’ 
surface in place of the tinfoil produced an effect of approximately the same 
magnitude. A band of copper wire gauze on the inside of an aluminum 
beaker produced a similar effect, the deflections being in the positive 
direction since the aluminum was positive, and the gauze negative, with 
reference to the ball. 

This minute study of the approach and separation charges thus 
furnishes an excellent means of analyzing the effects of composite sur- 
faces. Each portion acts independently, its contribution to the general 
effect being just what it would be if it acted alone, so that taking into 
account the disposition and extent of the components, the estimated 
effect coincides with that observed. 


C. QUANTITATIVE MEASUREMENTS OF THE VOLTA EFFECT WITH 
COMPOSITE SURFACES. 


While the above experiments serve admirably to establish general 
relationships, they are not adapted for exact quantitative measurements. 
To decide whether the components of a composite surface contribute 
to the general effect in exact proportion to their extent, their relative 
proximity, and the intensity and character of their electrification required 
another experimental arrangement. 

Suppose we have two plates, A and B, with their faces parallel and 
near, but not in contact with, each other. Let A be connected to one pair 
of quadrants of an electrometer which together with B are grounded. 
Then upon insulating the quadrants with which A is in communication 
and moving B away, a separation charge is noted by means of the elec- 
trometer because of a characteristic difference of potential between the 
surfaces of A and B. The plate B may be so charged with a potential 
divider that there will be no deflection set up in the electrometer upon 
moving B either away from, or toward, A. The potential thus applied 
to bring this about is simply superimposed upon the surface potential 
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already existing so that it is numerically equal, and opposite in sign, to 
the original P.D. between the surfaces of A and B. Direct “‘contact’”’ 
is not made between the surfaces; they are merely in temporary com- 
munication through the earth. This is one of the familiar methods of 
measuring the Volta P.D. between two given metals. The foregoing 
results suggest the hypothesis that if the surface of A be made up of two 
or more metals then the compensating potential will be the average P.D. 
between B and the constituent parts of A. It was to ascertain if this is 
a fact that the following experiments were made. 
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The arrangement is sketched in Fig. 3. A is the insulated plate which 
was removable, one of brass and one of aluminum being used. Each 
was tested against B, a brass plate, both naked and covered in various 
proportions with tinfoil. The insulating plug consisting of ebonite was 
covered with a metal cap to screen off disturbances likely to arise from 
possible charges on its surface. The initial distance between A and B 
was roughly adjusted by the set-collar c, and then more accurately by 
screwing A up or down in the insulating plug. When c rested upon the 
projecting sleeve of the upper portion of the brass frame, A and B were 
at a fixed minimum distance apart. The plate B was raised or lowered 
by means of the wire w operating over the pulley ». B and the frame 
were charged by means of a potential divider. The reversing switch S 
made it convenient to charge either positively or negatively and k served 
to ground the system. The functions of the other parts of the apparatus 
suggest themselves. The electrometer and the frame supporting the 
plates were enclosed in the wire cage of the preceding experiments. 

In the actual experiment it was not wholly satisfactory to adjust the 
compensating potential until a balance was reached since the sensitive- 
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ness of the arrangement was greater than the accuracy with which the 
readings on the voltmeter could be made. Therefore the P.D. across the 
terminals of the voltmeter was fixed at some convenient value. The 
method was then to apply this P.D. positively and negatively in turn to 
B, noting in each case the deflection in the electrometer upon raising B. 
Proceeding in this way we have: 


d; + de 
E = PD y pee 
where 
E = natural P.D. (i. e., the Volta P.D.) between the surfaces. 
PD = applied P.D. 


d, = deflection of electrometer when +PD is applied to B. 
dz, = deflection when — PD is applied. 


d, and dz are to be taken with their sign, the balancing point of the 
needle being zero. 

The plates were 8 cm. in diameter and the initial distance between 
their surfaces was 1.75 mm. The tinfoil covering the surface of A in 
whole or in part was of course nearer. It was smoothed out by pressing 
it with a similar piece of foil covering the fingers. Its upper surface was 
estimated to be on the average approximately .25 mm. above that of the 
plate beneath. The fact of its being nearer to the opposing surface than 
that of those exposed .portions of the surface upon which it is placed 
will involve a correction which will be taken up later. 

In the table which follows are given a sample series of results. The 
plate was first examined entirely covered with tinfoil. Then a sector of 
120° of the tinfoil was removed, followed by 60°, 60°, 120° more succes- 
sively so that the final test was with the naked plate. The latter part 
of the table gives the results with the surfaces divided concentrically, i. e., 
a circle of one half the area of the plate was cut out of the foil exactly 
covering it. Measurements were made with the ring of foil as well as 
with the small circle which had been cut out, each being centrally placed 
upon A. 

The calculation of the average P.D. which exists between a homo- 
geneous surface B, and a composite surface A, is made as follows: 

Suppose the dissimilar surface to consist of two metals, each of which 
is homogeneous, and in the same plane, then 


_ M101 F anes 


E 
Qa,+ a2 , 


where 
E is the average P.D. between A and B. 
e, is the P.D. between B and one of the parts of A. 
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a; is the area of this part of A. 
€2 is the P.D. between B and other portion of A. 
dz is the area of this portion of A. 








Ratio of Exposed Surfaces. 





P.D. Observed. 


P.D. Calc. Sup- 


| posing Surfaces 


n Same Plane. 
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P. D. Covsectes by 
Reducing Sur- 
faces to Same 

Plane. 





Surfaces divided radially 


Tinfoil Aluminum 
1 0 
2 1 
1 1 
1 2 
0 1 
Tinfoil Brass 
1 0 
2 1 
1 1 
1 2 
0 1 
Surfaces divided concentrically 
Tinfoil Aluminum 
1 0 
1 1 
Aluminum outside................ 
Aluminum inside ................ 
0 1 
Tinfoil Brass 
1 0 
1 1 
ee ree 
ne oe ere ee err 
0 1 








+.352 
472 
.530 
597 
744 


+.336 
.237 
184 
118 
.002 


| 
i 
| 
| 





352 
483 
548 
.614 
744 


336 
225 
.169 
113 
.002 


366 
560 
.560 
754 
380 
192 


.192 
.004 








352 
469 
533 
-600 
744 


336 
.236 
.182 
125 
.002 


366 
544 
544 
754 
380 
.206 


206 
.004 





If the parts of the dissimilar surface are not in the same plane, the 
portion which is the closer contributes relatively as much more to the 
general effect as it would if its surface were larger in the ratio by which 
it is the nearer to the opposing surface. 


be rewritten in the form, 


where 


The above expression must then 


ae +a3(1 +9 A) e, 


E=- 





a +0:(1+% a) 


d; is the distance between B and portion a, of A. 
dz is the distance between B and portion az of A. 


Upon applying this correction it is seen that the agreement between the 
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observed and calculated values as shown by the first and third columns 
of the table is as close as the limits of the accuracy of the measurements 
permit. In the case of the surfaces being divided concentrically it 
appears that the portion exposed in the form of a ring contributes more 
than an equal portion in ‘the form of a circle in the center. This is 
accounted for by the fact that the effect due to the edges of the opposing 
surfaces is not negligible so that the effective surfaces are slightly greater 
in extent than the dimensions indicate. This increment accrues to 
the advantage of the outer ring. 

A composite surface of brass and lead was formed by pressing brass 
gauze into a sheet of lead by means of a roller press. The lead coming 
through the openings was pressed flat but left exposed one face of the 
brass gauze. The strands of the latter were also flattened at their 
crossing points so that the whole surface was approximately plane. The 
lead alone when passed through the press showed a P.D. of +.37 volt 
against the brass plate, and the gauze similarly passed through gave 
—.13 volt. The gauze and lead together gave +.14 volt. Since the 
gauze was made up of wire .55 mm. in diameter, 12 strands to the inch, 
the ratio between the exposed surfaces of lead and brass was approxi- 
mately 52 to 48. The computed average P.D. between the brass plate 
and this composite surface was thus +.13 volt which compares favorably 
with +.14 volt, the observed value. 

A piece of very fine copper gauze of 45 strands to the inch was almost 
completely imbedded in a sheet of lead by pressing it well in and then 
burnishing with a convex-faced steel tool, leaving the copper exposed 
only at the crests formed by the crossing strands. The ratio between 
the exposed copper and lead surfaces as estimated by examining under 
the microscope was 7 to93. While the measured P.D.’s against the brass 
plate were —.20 volt and +.37 volt for the gauze and lead respectively, 
that for the combined surface was +.34 volt, as compared with +.33 volt, 
the theoretical value. 

It is unnecessary to produce further evidence that the Volta effect 
observed for a composite surface may be determined by considering the 
independent effects of the constituent parts of this surface. 


D. Tue ‘‘SCREENING”’ OF THE VOLTA EFFECT WITH WIRE GAUZES. 


The question as to what extent a metal plate will contribute to the 
effect through a perforated sheet placed upon it was suggested by the 
foregoing experiments. A qualitative study of this point was made by 
placing gauzes of different meshes upon the brass and aluminum plates. 
The latter having shown P.D.’s of +.004 volt and +.754 volt respec- 
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tively against the movable brass plate, would, to the extent that they 
were effective through the gauze, produce a difference in the observed 
P.D. when a given sheet of gauze was placed upon each in turn. The 
pieces of gauze were cut slightly larger than the plates upon which they 
were placed to preclude the possibility of the edge effects of the latter, 
and were smoothed out so as to conform as nearly as possible to a plane. 
The distance between the plates was kept at 2.5 mm. so long as this 
distance was two times, or more, that between the upper surface of the 
gauze and that of the plate beneath, being increased however when the 
coarser gauzes were used so as to make this ratio about 2 to1. Proceed- 
ing in this manner the following results were obtained, as the means of 
three observations in each case. 
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Not until there are 12 strands to the inch is there an effect through 
the gauze which is decisive. The differences up to that point are no 
greater than the probable errors of observation. Indeed the observed 
effect is practically that which we would have with the gauzes alone until 
the size of the holes is equal to or greater than their depth. For the finer 
gauzes the average depth of the holes was about 2/4 times, perhaps more 
for the finest one, the diameter of the strands, because the gauze could 
not be made to lie perfectly smoothly upon the plates.- As the ratio 
between the size and depth of the holes grows, the plate beneath becomes 
increasingly effective through them. 

Perhaps the only way to study this point in a really quantitative 
fashion would be to have two metals made up in the form of square rods 
and arranged on the order of a thermopile, each set rigidly connected 
together and movable along their axes. A plane surface consisting of the 
two metals could be formed of the ends of the rods by proper adjustment. 
Then by moving one set of rods one way or the other, holes of varying 
depth could be obtained with either metal in the foreground. In order to 
have holes of different sizes, would of course require rods of corresponding 
dimensions. An experiment of this kind will be necessary to determine 
whether, upon taking proper account of the relative extent and distances 
of the surfaces of the two metals (including the sides of the holes) with 
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reference to an opposed surface, the simple considerations outlined above 
for composite surfaces will lead to results which are related in some exact 
way to those observed. 

SUMMARY. 


The Volta effect depends, under all circumstances, on the nature of the 
opposing surfaces of conductors which have been brought near, or in 
contact with, each other. Indeed it depends only on the surfaces exposed 
to, and within range of, each other. All, and only, such surfaces, or 
portions of surfaces, of conductors contribute to the general effect. The 
results of experiments purporting to prove otherwise are spurious. Hence 
Sanford’s chief argument against an electrolytic theory of the Volta effect 
fails because of a misapprehension in the premises. 

The surfaces of conductors which have been discharged to earth act 
just as though they were definitely and characteristically charged. Inthe 
case of a homogeneous surface, this postulated electrification is uniformly 
distributed, while for a surface of dissimilar parts, its nature and intensity 
vary from part to part. The surfaces being the seat of such electrical 
manifestations exhibit, as a consequence, a definite P.D., the so-called 
E.M.F. of contact, between each other. It is only in terms of these 
potential differences that the phenomenon lends itself to quantitative 
treatment. 

The effect observed with composite surfaces has been shown to be the 
average effect of the constituent parts, each of which contributes in 
exact proportion to its extent, its relative proximity, and its own P.D. 
with reference to the opposing surface. 

The effect is practically completely “‘screened’’ when the lateral dimen- 
sions of the openings in the screen are not greater than their depth. An 
increase in the ratio from unity upward between the width and depth of 
the holes results in an increasing effect through the openings. 

‘Taken as a whole, the results show that the phenomenon has its 
seat in the surface. The fundamental question, then, reduces to one in 
regard to the actual conditions on the surface of a conductor. Is there 
an insulated electric layer brought into existence by chemical or other 
means, or are the manifestations due to intrinsic properties of the con- 
ductor which make themselves felt at its boundaries? This question is 
still an open one so far as the present investigation goes. 

The facilities for this study were afforded at the Ryerson Physical 
Laboratory. The writer takes this opportunity to thank Professor 
Millikan, whose unfailing interest in the work has been a source of 
inspiration. 

THE UNIVERSITY OF CHICAGO, 
March, 1913. 
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THE TRANSMISSION OF CANAL RAYS THROUGH THIN 
PARTITIONS. 


By ALFRED N. GOLDSMITH. 
I. INTRODUCTION. 


HE canal rays were discovered by Goldstein in 1886, and through 

the researches of W. Wien in 1898, and later of Sir J. J. Thomson, 

their identity with the positive ions was definitely established. They 

have been frequently employed since as a source of positive ions for 
investigation of the properties of positive electricity. 

The mode of production of the canal rays involves the use of a per- 
forated cathode in a tube containing a gas at low pressure through which 
an electric discharge is passing. Back of the perforation in the cathode 
will be found a column of rapidly moving positive ions, their presence 
being detectable by the fluorescent, photographic, and electrostatic 
effects which they can produce. J. Stark! discovered the Doppler effect 
which is displayed by the canal rays behind the cathode, as evidenced 
by the shift of the lines of the spectrum when viewed respectively in 
directions perpendicular and parallel to the direction of motion of the 
ions. His experiments showed that the velocity of the positive ions 
was the same as the velocity of the ions when measured by means of the 
“‘magnetic and electric spectra.” The magnetic and electric spectra 
are obtained when the ions pass through strong electric and magnetic 
fields. From the observation of the resulting deflections of the beam of 
canal rays it is possible to evaluate e/m and v. 

In 1907 Thomson? showed, by examination of the magnetic spectrum 
obtained in gases which had been as carefully as possible freed from 
all traces of hydrogen that the value of e/m for some of the positive ions 
was (10)*, 5(10)* and 2.5(10)*. The two former values correspond to 
the hydrogen atom and molecule, and the latter to the helium atom. 
At lower pressures in all gases, positively charged atoms of hydrogen 
were found to be present in spite of the attempts at purification of the gas. 
W. Wien then called attention to his earlier hypotheses that the positive 
ions lose their positive charge, that is, are neutralized at some point of 
their path and then may be again positively electrified by the loss of 


1 Phys. Zeitschr., 6, p. 892, 1905. 
2 Phil. Mag., p. 561, May, 1907. 
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negative electrons, and also that ions of larger mass than those usually 
found exist in the discharge. His conclusion,! that the hydrogen found 
in the discharge tube was present only as an impurity was disputed by 
J. J. Thomson,? who found that even when the amount of hydrogen was 
greatly changed, its presence did not become more prominent. He sug- 
gested later® that, reasoning from the constancy of the velocity of the 
canal and retrograde rays, they owe their velocity either to an explosion 
in the atom or their charge is different at different points of their path. 
Possibly both causes are operative. Wien’s hypothesis of the existence 
of neutralized positive ions in the canal rays was shown to be well-founded 
by experiments undertaken by Thomson in 1908.4 

W. Wien found,’ reasoning from the experimentally determined mag- 
netic deflections of the positive ions in the canal rays, that the greatest 
velocity they attained was that which would be given to a positively 
charged atom of the gas which owed its velocity to the potential gradient 
actually existing in the tube. 

As early as 1903, J. Stark® had suggested that neutral doublets or even 
negatively charged canal rays might be produced, and that these, moving 
with high velocities, would cause effects similar to those produced by the 
positive ions. 

O. Reichenheim’ showed that in the canal rays in oxygen there are 
three kinds of ions prominently present, namely the hydrogen atom, the 
hydrogen molecule, and the oxygen atom. In general the spot of light 
in the magnetic spectrum corresponding to the hydrogen atom is the 
most evident. Similarly, the presence of the hydrogen atom in the cases 
where the tube was filled with argon or nitrogen was observed, though in 
these cases it was not easy to find the charged atoms of the gas filling 
the tube. 

A research of Thomson? established the existence of three kinds 
of canal rays. Firstly, rays which are not deflected by electric or mag- 
netic forces. Secondly, ‘“‘secondary rays’’ which are produced by the 
collision of rays of the first kind with the molecules of the gas. Thirdly, 
rays which appear at low pressures, have velocities proportional to the 
difference of potential between the electrodes, and for which e/m is 
inversely proportional to the atomic weight of the gas in the tube. The 

1 Phil. Mag., 14, p. 212, 1907. 

2 Phil. Mag., 74, p. 295, 1907. 

3 Phil. Mag., 14, p. 359, 1907. 

4 Engineering, 85, p. 518, 1908. Phil. Mag., 16, p. 657, 1908. 

5 Ann. d. Physik. 27, 5, p. 1025, 1908. 

6 Phys. Zeitschr., 4, p. 581, 1903. 


7 Zeitschr. Elektrotech., 16, pp. 583, 585, I910. 
8 Phil. Mag., 20, p. 752, 1910. 
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secondary rays always have a velocity of 2(10)* cm. per second and a 
value of e/m of 10'. That their velocity is independent of the potential 
difference between the electrodes suggests that they may be produced by 
the dissociation of the molecules of the gas by a sort of trigger action, 
and their energy comes from the store of molecular energy originally 
present. 

Certain properties of the a rays from radium are of interest and will 
be briefly considered. Bragg and Kleeman! first discussed the diminu- 
tion of velocity of the @ particles which was sufficient to cause them to lose 
their ionizing power. They found that the critical velocity was about 
1.5(10)® cm. per second. which is 60 per cent. of the initial velocity of 
the homogeneous rays from Radium C. It is quite possible that un- 
charged particles not electrically detectable can continue passing through 
matter even at the end of their so-called range, for it is a very improbable 
assumption that the velocity suddenly falls from the critical value to zero. 

The most important work as to the actual nature of the a rays was 
done by Rutherford and Royds.?_ By passing the a particles through the 
walls of a thin glass chamber (0.01 mm. thick) into a space exhausted 
to a high vacuum and compressing the trapped gas in a tube where its 
spectrum could be examined, they succeeded in definitely proving that 
the a@ particle after losing its positive charge was helium. The spectrum 
of the helium gradually developed in the spectrum tube, in some cases 
taking as long as six days to become completely visible. Check experi- 
ments were performed to test for possible diffusion or leakage of the gas 
through the thin glass containing tube. The method of isolation of a 


.rays by transmission through thin partitions, so successfully employed 


by Rutherford in this instance, was used in the present research into 
the nature of the canal rays. 


II. OBJECT OF THE RESEARCH. 


The following experiments are an attempt to pass the canal rays 
through a thin diaphragm into a highly vacuous separate chamber where 
the spectrum of the accumulated gas, if any, can be examined free from 
disturbances of the electric discharge which produced the canal rays. 


III. DESCRIPTION OF THE APPARATUS. 


The discharge tube used in the experiments is shown in Fig. 1. The 
anode is A; and B, a ring of aluminum with a large hole in its center is 
the cathode. The potentials used were at times so high that it was diffi- 


1 Phil. Mag., Dec., 1904. 
2 Chem. News, 99, p. 49, 1909. 
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cult to secure high insulation because of surface leakage over the glass. 
Therefore the terminal wires were run from the platinum leading-in 
wires at S and P to the points T and Q through glass tubes which were 
sealed in place and of which the ends were filled with sealing wax. Con- 
nection to the pumps was secured by a side tube at F. To prevent the 
canal rays striking the edge of the disc U (where the sealing cement was 
occasionally present) a guard ring was placed at L. 
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Fig. 1. 


It was desirable at times to remove the plug C and the diaphragm 
carried therein without rebuilding the portion of the apparatus surround- 
ing it, and this became possible by placing a ground joint at M. The 
thin partitition used in the experiments was carried on the front face of 
the steel plug C, this face being perforated with circular holes 1 mm. in 
diameter. The thin diaphragm, through which the canal rays passed, 
was sealed with cement on the front face of C. The cement was very 
carefully placed so that none of it was in the path of the moving ions. 
Over the diaphragm was fastened the plate U, which had in it holes 
coinciding in size and position with those in V. The plate U was 
screwed to V at the edges after cement had been placed on the back of U 
to fasten it gas-tight to the diaphragm. As before, the cement was 
carefully kept out of the path of the ions. The steel plug fits into place 
at N. In order to connect that portion of the apparatus which is back 
of the diaphragm to the vacuum pumps and outlet with a stop-cock was 
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placed at K. Connection with a mercury reservoir was secured through 
the tube H, J is a mercury sealed stop-cock to the small discharge tube 
E, which is of fairly fine capillary tubing. Connected to E is G, a piece 
of the finest capillary tubing. 

It will be seen that the vacuum apparatus is really two chambers, 
AB and CD, which are divided by the air-tight partition at U. This 
partition was thin enough to permit the penetration and passage of the 
positive rays. These particles at high velocities were thus passed from 
the chamber AB to the chamber CD, where they accumulated and were 
examined. 

Experiments were tried in air, carbon dioxid, hydrogen, argon, and 
helium. The argon was prepared by sparking air in the presence of an 
excess of oxygen, which excess of oxygen was afterward removed by 
yellow phosphorus. Helium was produced with the same apparatus 
except that instead of starting with air, the gas obtained by heating 
monazite sand was used. Since this gas is a mixture of air and helium, 
it was not difficult to secure rapidly the necessary amount of helium. 

Gaede and Geryk pumps permitted reaching and holding a vacuum of 
less than 0.0001 mm. in the apparatus. The outlets F and K were so 
arranged that either portion of the main apparatus or both could be 
exhausted at will. For producing the discharge in AB, the best source 
of potential was found to be a large static machine, which was not of 
doubtful or changing polarity as would be the case with an induction coil. 
The voltage employed was determined by the use of an auxiliary spark 
gap. The discharges in the tube E and in the comparison spectrum 
tubes were produced by means of a small induction coil. 


IV. CONSTRUCTION AND MANIPULATION. 


Much difficulty was at first experienced in the construction of a thin, 
and yet gas-tight diaphragm at U. To begin with, aluminium foil was 
used. It was found that the best imported foil was about 0.003 mm. in 
thickness and was not at all free from holes. Indeed it was impossible 
to find an area of more than 3 or 4 square mm. which did not have a hole 
init. The thinnest aluminium foil which could be obtained in New York 
City was 0.020 mm. thick, and quite useless because of the immense 
number of holes in it. 

But by using the best white Indian mica and carefully splitting it up 
with a wedge-pointed laparotomy needle, it was possible to obtain sheets 
of mica of the required dimensions between 0.002 and 0.006 mm. thick, 
and free from all visible imperfections. These sheets of mica were sealed 
in place with De Khotinsky cement which was sprinkled carefully over 
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the sealing metal surfaces in the form of powder and then melted into a 
smooth film, thus insuring gas-tight contact. Both the front and rear 
surfaces, U and V, were thus treated and firmly screwed together while 
hot with the diaphragm between them. 

Careful tests repeated many times established the fact that when the 
pressure on one side of the diaphragm was 0.0001 mm., the pressure on 
the other side might be 2,000 times as much without any perceptible 
leakage occurring in intervals of an hour or more. 

In operation, the tube AB was exhausted to a pressure of a few hun- 
dredths of a mm. or less and the portion CKD to below 0.0001 mm. The 
discharge in AB from the static machine was then started. In order 
to eliminate so far as possible the foreign gases occluded in the elec- 
trodes or glass of the main tube, the discharge was run in one direction 
for some hours and then in the reversed direction for some hours with the 
pumps working all the time. The capillary discharge tube E received 
similar treatment. At the same time the air-tightness of the diaphragm 
was tested. 

A pink fluorescence at certain spots of the tube, accompanied by con- 
siderable heating, was at times observed. This phenomenon was first 
described by J. E. Lilienfeld! and explained by Gehrcke and Reichen- 
heim,? who showed that it was due to cathode rays coming from secondary 
cathodes on the walls of the tube. 

The potential in the main tube was adjusted by altering the pressure 
therein. On running a discharge through E, the spectrum of the gas 
which had accumulated in CKD could be examined. In order to get a 
bright spectrum with only small quantities of gas present, all the gas in 
D was compressed to several thousand times its original pressure by 
running mercury from H through J and D to J and then shutting the cock 
J. A brilliant discharge was then obtained in E. 

For a time the mercury lines showed uniformly in the apparatus, and 
it was thought necessary to freeze out the mercury with liquid air. G 
was added for this purpose. It proved, however, that the improved 
construction which was then adopted with a stop-cock at the top of 
the compression reservoir prevented the mercury from volatilizing, be- 
cause the cock could be kept shut during the discharge. The capillary 
electrodes were never permitted to come into contact with the liquid 
mercury which clings to them tenaciously. 

A preliminary test then showed that after putting fresh air into the 
apparatus, running the main tube for 15 minutes with the capillary 


1 Deutsch. Phys. Gesell. Verh., 8, 23, p. 631, 1906. 
2 Deutsch. Phys. Gesell. Verh., 9, 21, p. 593, 1907. 
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portion isolated, and compressing the gas from the space D into E, 
only a weak air spectrum could be detected in the capillary tube E when 
a discharge was passed through it. 

That the spectrum of the gas which reaches CKD may be expected to 
be visible is shown by the following roughly approximate calculation. 
Let it be assumed that the current through the main discharge tube is J, 
and that the fraction 1/R of the current carrying positive ions of the 
kind finally identified in the capillary compression chamber pass through 
the diaphragm. These may not be charged atoms of the gas with which 
the main tube has been filled, but may be previously occluded hydrogen 
atoms which have been shot through the diaphragm, and in this case 
the fraction 1/R may become quite small. On the other hand, if the 
charged atoms of the gas with which the tube is filled can pass through 
the diaphragm, 1/R will be much larger. Assume also that a spectrum 
can be observed in the capillary tube when the pressure is 1/P atmo- 
spheres. 

Let that portion of the gas in CKD which is trapped in the compression 
chamber be 1/n of the whole, and let the volume of that chamber be V c.c. 
When the gas contained therein is compressed into the capillary, let 
the compression ratio bec: 1. The charge on an ion is e. 

The current through the diaphragm is J/2R. Thus J/2Re ions pass 
through the diaphragm per second. The number of these which reach 
each c.c. of the compression bulb after ¢ seconds is J t/2 RenV. When 
these are compressed into the capillary, there will be present in each c.c. 
Itc/2 RenV ions which have become neutralized by the addition of nega- 
tive electrons, that is, molecules. 

If under normal conditions of temperature, there are N molecules per c:c. 
in a gas at atmospheric pressure, the observation of a visible spectrum 
requires that 





It N 
P —* * Be and therefore 
_ 2 RenVN 
~ (eae * 


The following are estimated and approximate values of the quantities 
present in the formula: N = 2.7(10)", R = (10) when the tube is filled 
with gases other than those finally detected back of the diaphragm, or 
R = (10)* when the tube is filled with a gas which is later found back of 
the diaphragm, e = 4.9 (10)-" E. S. U., J = 1.5 (10)§ E. S. U., n = 3, 
P = 2.5 (10)5, c = 5 (10)’, V = 100. 
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Depending on the value of R which applies, ¢ = 4,000 or 4 seconds. 
The values observed were one-half and ten times these calculated quan- 
tities respectively, so that this extremely rough approximation is con- 
sistent with the results obtained. 


V. EXPERIMENTS IN VARIOUS GASES. 


The actual course of the experiments was as follows. After taking the 
precautions outlined above to ensure the absence of any further large 
evolution of gas from the electrodes or of leakage through the diaphragm, 
the tube was run steadily at nearly constant voltage. The gas in the 
capillary tube was then spectroscopically examined after compression, 
and showed only a weak air spectrum due to unremoved air. 

With the main tube containing air, and a voltage across it of 35,000, 
after 60 minutes running only the air spectrum of less than its original 
brightness showed in the capillary. After 90 minutes, however, a weak 
hydrogen spectrum showed which steadily became more brilliant till a 
very clear and complete hydrogen spectrum showed after 150 minutes. 
This spectrum was compared line for line with various standard spectrum 
tubes which could be compared with each other, and the identification 
of the hydrogen spectrum was complete. On reducing the voltage across 
the main tube to 25,000 by increasing the pressure, 120 minutes were 
required to show a weak hydrogen spectrum; and when the voltage was 
reduced to 8,000 with the corresponding rise in pressure, no hydrogen 
spectrum could be seen even after 300 minutes. 

Carbon dioxid, carefully freed from water vapor, was then substituted 
for airin the apparatus. With a voltage of 28,000 the hydrogen spectrum 
showed after 30 minutes, and as before the spectrum became stronger 
with time. When the voltage was reduced to 22,000, 60 minutes were 
required for a visible spectrum. And with a voltage of 6,000 only an 
extremely doubtful trace of a hydrogen spectrum was observed after 
360 minutes. 

When argon was placed in the apparatus, it was hard to get a brilliant 
discharge through the main tube at the lower pressures, and the fluores- 
cence was comparatively dim. With a voltage of 40,000 after 120 
minutes a faint hydrogen spectrum was found, which spectrum became 
more brilliant and complete after continued running. When the voltage 
was 34,000, 180 minutes were needed for the development of a faint 
hydrogen spectrum. A prolonged test, wherein the tube was run at 
8,000 volts for over 400 minutes showed no hydrogen spectrum. 

To remove all traces of argon, which, as several investigators found, 
clings tenaciously to the electrodes, the tube was washed out repeatedly 
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with air, the electrodes being approximately freed from occluded gas by 
constant powerful discharges through the main tube and the capillary 
portion. 

Helium was then introduced. As before, the hydrogen spectrum was 
visible after 60 minutes running when the discharge voltage was 25,000 
and 120 minutes sufficed when the voltage was 20,000. At 8,000 volts 
it was believed that the hydrogen lines could be very faintly seen after 
300 minutes running, but since these lines remained extremely dim even 
after continued running, this observation was regarded as of little weight. 

There was one important respect in which helium differed from the 
other gases examined, namely, that while the hydrogen spectrum de- 
veloped in time in the capillary, the helium spectrum did the same. 
Attention was first directed to this point by the brightness of the helium 
lines which appeared in the discharge capillary with the hydrogen lines 
after continued running. It was found that both hydrogen and helium 
passed through the diaphragm. 

From the nature of the first experiments, since the apparatus was in 
any case filled with helium, it was doubted whether this observation 
was due to actual passage of the helium through the diaphragm. To 
test this point further, the main tube was filled with helium at appro- 
priate pressure, and the portion CKD was washed out with air and then 
pumped to a low pressure. Thus there was no helium spectrum obtained 
from the capillary discharge tube at the beginning of the experiment. 
Experiment then showed that helium did accumulate in the capillary 
at what was estimated as more than fifty times the rate of accumulation 
of hydrogen. The helium passed through the diaphragm at 20,000 volts 
and probably also at considerably lower voltages. 

This result is quite explicable, for J. J. Thomson found that in helium, 
the canal rays were made up of hydrogen atoms, hydrogen molecules, 
and helium atoms. The large preponderance of the helium atoms in the 
discharge tube and their consequent carriage of the greater part of the 
current account for the rapid rate at which the helium passed through 
the diaphragm. 

The main tube was then filled with hydrogen, and the capillary portion 
with air, the tube and electrodes being first thoroughly cleaned as in the 
case of argon. Experiment showed that even with so low a voltage as 
10,000 and 300 seconds for the discharge period, the hydrogen spectrum 
was visible in the capillary. At higher voltages, the time was more than 
proportionally diminished. The mean of a number of observations on 
the various gases is shown graphically in Fig. 2. ° 

A number of tests were made to determine the effect of a mixture of 
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hydrogen and air in the main tube. Mixtures of hydrogen and air in 
known proportions were therefore placed in the main tube, and air alone 
in the capillary portion. The influence of the hydrogen present in the 
main tube on the time of appearance of the hydrogen spectrum was 
very marked. Whereas pure air in the main tube yielded at 25,000 
volts a hydrogen spectrum in the capillary in 7,200 seconds, 0.* per 





Fig. 2. 


cent. of hydrogen mixed with the air reduced this time to 900 seconds, 
1.0 per cent. of hydrogen to 200 seconds, 10 per cent. of hydrogen to 
100 seconds, and 50 per cent. or more of hydrogen reduced the time of 
appearance of the hydrogen spectrum to practically the same value as 
for pure hydrogen, namely, 60 seconds. Similarly, at the lower voltage 
of 10,000 pure air showed no hydrogen spectrum in the capillary after 
18,000 seconds, and 0.1 per cent. of hydrogen nothing after 9,000 seconds, 
yet I.0 per cent. of hydrogen showed the hydrogen spectrum after 600 
seconds, and greater percentages of hydrogen acted practically the same 
as pure hydrogen. 

A graphical representation of the effect on the time of appearance of 
the hydrogen spectrum caused by admixture of various proportions of 
hydrogen with the air in the main tube is given in Fig. 3. 

Finally a test, wherein air containing I per cent. of helium was used 
in the main tube, gave a result quite similar to that described above 
for hydrogen. That is, the helium spectrum appeared in 360 seconds as 
against 90 seconds for the case where the discharge tube was filled with 
pure helium. However, air to which about 3 per cent. of argon was 
added showed no trace of argon in the capillary tube even after 12,000 
seconds, so that clearly the argon atoms do not pass through the dia- 
phragm as do the hydrogen and helium atoms. 
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To ascertain whether the retrograde and cathode rays would show 
similar effects, the polarity of the electrodes on the main tube was 
reversed in several tests. No hydrogen or helium spectrum was detected 
at any time under these circumstances. This experiment afforded an 
additional proof that the hydrogen found in the capillary was actually 
due to the canal rays. 

In the above experiments attention was fixed on the red hydrogen 
line (C) because of the ease with which it can be identified. Its position 
was found from a standard comparison spectrum tube at the time of 
observation and also from the previously calibrated scale of the spectrom- 
eter. Since the time of appearance of this line depended on visual 
acuity and sensitiveness, that is, on physiological factors, not any great 
accuracy can be attached to the numerical estimates of the time of first 
appearance of the spectrum. Experience and the maintenance of nearly 
constant conditions reduced the errors, it is believed, to a small value. 





Fig. 3. 


In every case (except for the lowest voltage used with each gas) the 
discharge in the main tube was continued until the entire spectrum was 
so clear and unmistakable as to check perfectly with the comparison 
spectrum even with casual visitors observing. Traces of lines not check- 
ing with the comparison spectra were carefully searched for, but no 
unidentified lines were found. 


VI. ELectric AND MAGNETIC DEFLECTIONS. 


An attempt was made to further identify the moving particles which 
passed through the diaphragm by obtaining their electric and magnetic 
spectra by the method of Thomson and Wien. In this case, all the holes 
but one in the front plate U were blocked, and a fine bore tube was 
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placed back of this hole. The apparatus was so arranged that the beam 
of canal rays was to pass through a magnetic field of known strength and 
’ between aluminium plates maintained at a known difference of potential. 
They were then to strike a fine grained screen of willemite, where their 
point of impact was to be marked by a bright spot. 

The following calculation, however, made it questionable whether the 
particles which passed through the diaphragm would have a high enough 
velocity to produce detectable fluorescent effects. Consider the hydrogen 
atoms which pass through the diaphragm. Imagine that these ions 
owe their entire velocity to the potential gradient actually existing in 
the main tube through which they have passed. Let m be the mass of an 
ion, v its velocity, V the difference of potential of the main tube electrodes, 
and e the charge of the ion. Then 


Yomv? = Ve. . 


But for hydrogen V is approximately 30,000 volts, e/m = 10‘ E.M.U. = 3 
(10) E.S.U., and therefore v = 2.5 (10)* cm. per second. Similarly the 
value for the helium atom is v = 1.7 (10)* cm. per second. It must be 
remembered that these are the velocities of the ions at the instant that 
they strike the diaphragm; their velocity after passing through the 
diaphragm is undoubtedly much lower. The a particle, which is a 
charged helium atom, has not been actually observed to produce ioniza- 
tion (as detected through fluorescence) at lower velocities than 6 (10)® 
cm. per second, 27 per cent. of the maximum velocity. But it is quite 
possible and even highly probable that it can penetrate matter at lower 
velocities. So that, though the atoms of hydrogen and helium pass 
through the diaphragm, their passage was not regarded as proof that 
they might be expected to show a bright spot on the willemite screen. 

Another possible factor in the production of fluorescence must also be 
considered, namely that the fluorescence may be dependent on the charge 
carried by the ion as well as on its velocity. Thus, though the velocity 
of the atoms which pass through the diaphragm might be above the value 
determined by J. Stark! to be necessary for a positive ion to produce 
fluorescence, yet the neutralization of the charge of the ion on its passage 
through the diaphragm might prevent the subsequent appearance of 
fluorescence. 

A considerable number of experiments with air, hydrogen, and helium 
showed that no bright spot could be obtained. The pressure and voltage 
in the tube were varied through the widest attainable limits, and powerful 


1 Ann. d. Physik, 217, 3, p. 429, 1906. 
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oscillatory discharges were sent through the main tube as well as the 
unidirectional discharges. The space back of the diaphragm was pumped 
to the lowest vacua so that the passage of the rays would not be impeded, 
the eye of the observer was specially rested to secure maximum visual 
sensitiveness, and the hole through which the ions passed had its dimen- 
sions altered several times. Finally the original diaphragm was replaced 
by one of less than 0.001 mm. in thickness. In no case could any definite 
bright spot be detected. 
VII. ConcLusions. 


1. Canal rays made up of ions of hydrogen or helium can be given 
sufficient velocity to cause them to pass through thin material partition. 

2. When the discharge tube is filled with air, carbon dioxid, or argon 
the only rays that pass through a thin partition are hydrogen. 

3. When helium is used, both helium and hydrogen atoms pass through 
the partition, the helium in great abundance. 

4. When hydrogen is used, only hydrogen atoms pass through the 
partition, and these in large quantities. 

5. The atoms which pass through such a partition are not capable of 
causing fluorescence on screens. 

In conclusion, I desire to express my thanks for the assistance rendered 
by Professor Bergen Davis, at whose suggestion this research was 
undertaken. 


PH@NIX PHYSICAL LABORATORIES, 
COLUMBIA UNIVERSITY, 
August, IQII. 
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THE MAGNETO-OPTCIAL PARAMETERS OF IRON AND 
NICKEL. 


By CHESTER SNOW. 


URING the last decade a large amount of experimental work has 
been done upon the Faraday and Kerr effects of the magnetic 
metals, largely in the visible spectrum, where the range is so limited 
that the observations give us very little clew as to the trend and cause 
of the phenomena. Most of these researches have been carried on 
without reference to any theory (which indeed has been lacking). The 
theory of Voigt! is perhaps the most complete recent attempt towards 
a unified view of magneto-optical phenomena. It isa first approximation 
on the basis of the modern electron theory, and as such it makes all 
types of Kerr and Faraday effects depend uniquely upon the value of a 
certain complex parameter of the metal, Q. 
This constant, which arises from the vibrations of free and bound 
electrons, is proportional to the inner field or magnetization and is so 
small that its square is neglected. It is defined as! 


4r Né'vH 
Q=-SLD sare 
n c(k + ivh — my) 





where n is the complex index of refraction in the unmagnetized state, 
and the summation extends to the different types of electrons present. 
Its dispersion may thus be determined theoretically when the ordinary 
dispersion of these metals shall have been worked out and their resonance 
periods located. Without waiting for this development one can compute 
the dispersion of Q, as in the present paper, from one class of facts and 
use it to compare the theory with a different class of observations. 

Even though we should not wish to attribute to it the exact meaning 
it has on Voigt’s theory, the importance of this parameter can scarcely 
be overestimated; for not only does it enable us to explain the variation 
of polar and meridional Kerr effects with the angle of incidence, but, as 
we shall show, the recent experiments of Ingersoll? on equatorial rotations 
might have been predicted from a knowledge of it. We shall also compute 
from these experiments in the infra-red spectrum, and from those of 


1W. Voigt, Magneto- und Elektrooptik, 1908, p. 293. 
2L. R. Ingersoll, PHys. REv., 35, p. 312 (1912). 
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Foote! on polar magnetic rotation and ellipticity in the visible spectrum, 
the values of this constant for nickel and iron from wave-length .44 to 
2.1 uw and use it to compare the consequences of the theory with the 
results of a number of other experimenters on the Kerr and Faraday 
phenomena of these metals. 


I. EQUATORIAL KERR EFFECT. 


The peculiar curves given by Ingersoll showing the dependence of 
the equatorial rotation on the angle of incidence were compared by 
him with the theoretical predictions of C. H. Wind.?, The agreement in 
the case of iron was remarkable, although for cobalt and nickel it seemed 
to be merely qualitative. We shall see that the agreement in the case of 
Voigt’s theory is all that could be desired for all three of these metals. 

Let a plane wave fall upon a tangentially magnetized mirror at an 
angle of incidence ¢, the plane of incidence being perpendicular to the 
magnetization. Let the electric vectors in and normal to the plane of 
incidence be the real parts of E,e’ and E,e’ respectively. Let the 
corresponding components of the reflected ray be Rp, = Fe~¥*’ and 
R, = Ge~“*™ respectively. When the incident light is linearly polarized 
E, and E£, are real and E,/E, = tan X, where X is the azimuth of the 
electric vector. Voigt in considering this case makes certain approxima- 
tions which render his final formula inapplicable to large angles of 
incidence. We shall get the correct expression for all incidences by 
starting from his equation® for the ratio of the reflected amplitudes, 
which is 





-_* 4am 
Beg Ete) ee pliédworuninieielllt.” 


Rp F E cos ¢ + na a’ — ncos¢ + io? 


(1) 





where n = n(1 — ik) = nV1 + ke~? = sin @ tan Ge” and k = tan 20, 
sin @ tan = nV1 + k, n and k being the ordinary refractive index 
and absorption index, and 


: \ sin? 
a = AI -—>- 
. n 


Treating Q as a first order small quantity this may be written 





R, 
Ry 
1P. D. Foote, Puys. REv., 34, p. 96 (1912). 


2C. H. Wind, Arch. Neer., II., 1, p. 119 (1898). 
3 Loc. cit., p. 320. 
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In Ingersoll’s experiment the azimuth of the polarizer is adjusted to a 
value Xo such that the magnitudes of the reflected components F and G 
are equal, as indicated by the bolometer. Their phase difference is 
immaterial. The magnetic field is then created and the small rotation 
5X of the polarizer, which is necessary to restore the equality to the 
reflected components is measured. Using subscripts » to denote ordinary 
values (with zero magnetization, 7. e.,Q = 0) and putting F = Gin each 
case we have if 6 = g —f 





hens cos @ — na’ a’ +ncos¢ iQ sin 2¢ 
c" oo Se ee i 
cos @ + na’ a’ —ncos ro) a” — n? cos? ro) 
and 
adi cos ¢@ — na’ a’ +ncos¢ 
e~* cot Xo = eee —" 





~ cos + na’ a’ —ncos¢d 
Dividing the upper by the lower equation we get 


p-8—80) tan Xo ions 1Q sin 2¢ ve iQ sin 2¢ 
tan X a” — n? cos? ¢ vn sin? @ 
n? 











— n’ cos’? ¢ 


For brevity let us put b = n2(1 + k®) and Q =|Q|-e~*. Then 














e7 t(8—80) tan Xo a . | Q | sin 2pe 9+?) ; 
— anal sine — bcos? ge“? 
+ | Q | sin 26 eat /24+6) 
= I - = 
cos 40(b? cos? ¢+ 1) a oor Bcos?g—1 ; 
N : b sin* 4 b 
where 


tan @ = — tan 40 Se (2) 
— salts b? cos? ¢ + 1 — bsec 40’ 





b? being written for b? +°1 since in nearly all cases considered b? > 100. 
If we write for brevity 





y= 4 & cost ¢ — 2[(b — 2 cos 48) cos 49 + 1] cos? $+ 1 28" (3) 


then 
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tan Xo _ om | Q| sin 2¢ sin (6 + g) if nt Le sin 24 cos (04-2) 
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from which, equating argument and modulus, we get 





_ | Q| sin 2¢ sin (6 + g) 








| 5 — bo (4) 
| tan X = tan Xo I+ i Q| sin 26 sin (0 + 9) | (5) 
or since ° 
X = Xo + 6X 
ox | Q| sin 2¢ sin 2Xo sin (6 + q) (6) 
Xo is given by! ° 
— 2 2n sin ¢ tan @ (7) 


sin? @ tan? ¢@ + b° 


The magnetic phase change is given by (5), the double magnetic 
rotation of Ingersoll’s experiments by (6). The latter is plotted in Fig. 
I as a function of the angle of incidence for iron, nickel, and cobalt 


+P 


ie 





Fig. 1. 


at the wave-length of sodium light, and is in striking agreement with the 
observations for all three metals. The constants | Q! and g were chosen 
so as to fit two points on a curve. 

1P, Drude, Lehrbuch der Optik, p. 33. 
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II. COMPUTATION OF PARAMETERS. 


As Ingersoll gives a curve for each of several wave-lengths in the visible 
and infra-red spectrum, the values of | Q | and g have been computed for 
these wave-lengths from his curves by means of equations (2), (3), and 
(6). The constants for the remainder of the visible spectrum have been 
computed from Foote’s measurements of the rotation R and ellipticity 
E of light reflected normally from massive mirrors magnetized per- 
pendicularly to their surfaces. The formule are! 








_  [Q| sin (20 — g) 

nai sin@tand ’ (8) 
_ | Q| cos (20 — g) 

alae sin ® tan ® (9) 


Rotations and ellipticities are considered positive when they correspond 
to directions parallel to the magnetizing current. 

The value of g is characteristic of the metal and independent of the 
magnetization while | Q| on the other hand is proportional to it. The 
values of g from the two sets of data, where they overlap in the visible 
spectrum, are in good agreement. |Q| was found to be 15 per cent. 
higher in the case of iron (steel) and 20 per cent. higher in the case of 
nickel, when computed from Foote’s measurements and this was taken 
as a measure of the relative magnetizations in the two cases. The latter 
values of | Q| were all accordingly reduced by a constant factor to bring 
equality at .59 4. The computations require a knowledge of m and k at 
each wave-length, and these were taken from a paper by Ingersoll.2 The 
computed values of these parameters for nickel and iron are given in the 
following table. 

The tabulated values are plotted in Fig. 2. As we should expect there 
is more uniformity in the values for g than for [ Q| since the former is 
independent of magnetization. The assumption that Q is real, as in the 
earlier theories, is seen to be not even approximately correct, except in 
the case of iron near the wave-length of sodium light. 

The agreement of the two sets of data in the yellow and red end of 
the visible spectrum where they overlap, means that from one set of 
observations the other could have been predicted. Asa striking example, 
the reversal of sign of the ellipticity of the normally reflected light from 
nickel, which was found by Foote and also by Dzwulski,* to take place 
with polar magnetization between the wave-lengths .57u4 and .6un, 

1 Voigt, loc. cit., p. 316. 


2L. R. Ingersoll, Astrophys. Jour., 32, p. 265 (1910). 
3 W. Dzwulski, Phys. Zeit., 13, p. 642 (1912). 
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TABLE I. 
Iron (Steel). | Nickel. 
Ren P |) Mag. ‘. | Q| Mag. Com puted from Observations of 
1500, 500, 

A2u +15.0° .019 — 9.0°;} .006  /|Foote (polar effects) 

50 +10.0° .025 — 20.0°} .007 Foote (polar effects) 

59 + 2.4° | .032 | — 27.5°; .0081 |Foote (polar effects) 

59 + 2.5° .032 — 28.0°|} .0081 /|Ingersoll (equatorial effects) 

65 — 4.5° — 33.0° Foote (polar effects) 

af —15.0° .041 Ingersoll (equatorial effects) 

74 — 52.7° .0120 (Ingersoll (equatorial effects) 

91 —27.0° .056 | Ingersoll (equatorial effects) 
1.21 —40.7° 055 | Ingersoll (equatorial effects) 
1.24 | —109.0°'| .0167 /|Ingersoll (equatorial effects) 
1.65 —56.5° 061 | Ingersoll (equatorial effects) 
2.10 —72.0° 060 | Ingersoll (equatorial effects) 
2.12 ' —175.0°| .0320 (Ingersoll (equatorial effects) 








M4404 
anes 





5p 10p r 20p 


Fig. 2. 


should be given by the vanishing of the factor cos (20 — g) of equation 
(9). Since 20 has a practically constant value, 63.3° in this part of the 
spectrum, the reversal in sign should occur when 63.3° — g = 2/2 or 
q = — 26.7°. Reference to the table (Ingersoll’s data) shows g = — 28° 
at \ = .59 wand it is rapidly changing with wave-length. The predicted 

















sg PARAMETERS OF IRON AND NICKEL. 35 


value of the wave-length of reversal falls between the observed values for 
two different specimens. 


III. COMPARISON OF THE THEORY WITH EXPERIMENTS ON FARADAY AND 
PoLAR KERR EFFECTS. 


Voigt does not work out the general expression for the rotation R’ 
and the ellipticity EZ’ of the light transmitted through a thickness e in 
the direction of the lines of force. The index of refraction of the positive 
and negative circularly polarized waves in this case is given by! 


n.? = (1 + Q) 
or since 


n = n(1 — ik) = nV1 + ke” 


n2(1 + ka2)eM* = WX(1 + ) {1 | Q| cosg + i| Q| sin ghe““* 
or 
ni2(1 + ka?) = m2(1 + R)(1 = | Q| cos get = * | @! sing) 


from which, equating modulus and argument we get 


n2(1 + ka?) = (1 + &)(1 =| Q| cos Q), 





| . 
_ |Q| sin g 
20. = 20> a 
But 
k. = tan 20, = =k=(1+k)— —s. 


I + 10lsing a, 20 


From this we find 
(7 
—= €08 g - 
Vi+k : VI+FR 
= |Q| sin @ tan ® cos (20 + g) 


n_—n,=|Q|nV1+k sin g 


and 
nk. — nik, =| Q| sin @ tan & sin (20 + q). 


If a plane polarized wave is incident normally upon the medium, then 
after travelling in the direction of the lines of force a thickness / centi- 
meters of the metal it will emerge as a slightly elliptically polarized wave 
in which the major axis of the ellipse makes an angle R’ with the incident 
vibration, where 


ml | Q| 
r 





l 
R’ = - (n_ — ny) = sin @ tan @ cos (20 + q). (10) 


1 Loc. cit., p. 297. 
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The ratio of the axes of the ellipse (or the ellipticity) is 


E’ = o (nk — nk.) = Ol in @tan@sin(20+ gq), (11) 
where as before the positive direction of rotation is that of the magnetizing 
current. 

The proportionality of R, R’, E, and E’ to the magnetization, that is, 
to | Q|, as indicated by the equations (8), (10), (9), and (11) respectively, 
has been shown experimentally by DuBois,! Kundt,? Foote,? and Skinner 
and Tool,‘ respectively. The values of these four quantities for iron 
(steel) and nickel calculated for the wave-length of sodium light are 
shown in Tables II. and III. together with observed values for com- 
parison. 


























TABLE II. 
Iron (Steel). 
A = .59yn. 
| Farada Faraday a 7 
Polar Kerr Rot. |Polar Kerr) Rot oar Ellipt. per | Magneti- 
R. Ellipt. Z. | om. R’. cm. zation. 
E’X 105, 
—20.5’ .0044 | 219,000° 6 1,500 |Computed from equatorial 
measurements 
—23’ 1,700 |Observed by Du Bois 
—23’ to 24’ —.0050 1,520 (Observed by Foote 
200,000° saturated|Observed by Lobach' (electro- 
lytic iron) 
275,000° 4 saturated|Observed by Skinner and Tool 
(electrolytic iron) 














TABLE III. 
Nickel. 
A=.59 py. 
polar | Polar | Faraday | Faraday | sacnet- | ov 
Kory Rot. | err B- | Rotpst | Billet per! ation. | 
—7.5’ 0 75,000° 1 500 |Computed from equatorial measure- 
ments 
—9.0’ 0 600 |Observed by Foote 
78,000° saturated |Observed by Lobach 
0 Observed by Harris 


























1H. DuBois, Wied. Ann., 39, p. 25 (1890). 
2 A. Kundt, Wied. Ann., p. 199 (1886). 

3 P. D. Foote, Puys. REV., 34, p. 96 (1912). 

4C. A. Skinner and A. Q. Tool, Phil. Mag., 16, p. 833 (1908). 
5 W. Lobach, Wied. Ann., 39, p. 347 (1890). 
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The equation (11) together with the tabulated values of the constants 
shows that the ratio of the ellipticity to be expected when light is trans- 
mitted through nickel to that produced by an iron film of equal density is 
1 Q [si sin 35° 
| Q |re sin 58°’ 
to be observed with difficulty this probably explains why Harris! failed 
to detect the magnetic ellipticity produced by nickel films in the trans- 
mitted light. 

The agreement between observation and theory is better for the 
reflection phenomena than for those of transmission, probably on account 
of the difficulty in measuring the thickness of the film. 

To test the theory for all wave-lengths from .4 u to 2.1 uw the curves of 
Fig. 3 for R, the polar Kerr rotation, have been plotted. The computed 


or 1/6, for sodium light. Since the latter is so small as 
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Fig. 3. 


values (with the use of equation (8)) are for magnetizations of 1,500, and 
500, of the iron and nickel, respectively, for which the above tables of 
| Q| were computed. They compare favorably with the results obtained 
by Ingersoll? in 1906, which have been doubled to reduce them to the 


17, D. Harris, PHys. REv., 24, p. 337 (1907). 
2L. R. Ingersoll, Phil. Mag., 11, p. 41 (1906). 
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same magnetization. The reversal of the rotation produced by nickel 
in the neighborhood of wave-length 1.4 u is seen to be in agreement with 
the theoretical curve which crosses the axis at wave-length 1.3 u, the 
discrepancy being no larger than that between different specimens. 
This explains a point which has been a matter of some interest. 

The dispersion of the Faraday rotation has also been computed for 
the same spectral range and plotted in Fig. 4. The infra-red observa- 
tions? are for an unoxidized iron cathode film 58 uu thick, and the whole 
of the iron curve has been plotted for a film of this thickness and a 
magnetization of 1,500. The observed values have been multiplied by 
2.5 which we must assume as the ratio of the magnetizations. This is 
not surprising on account of the great demagnetizing factor of thin films, 
and the comparatively low field used in these experiments—in this case 
5,700 C.G.S. units. In the visible spectrum the observations of Skinner 
and Tool are also plotted after being reduced to the theoretical curve for 
wave-length .5 4. The theoretical curve for nickel is also drawn: the 
only available experimental data for comparison are in the visible 
spectrum where the measurements of Lobach are reduced to the same 
scale at .5 wand plotted. The Faraday rotation of nickel should change 
sign at wave-length 1.85, and the ellipticity, though extremely small, 
should reverse near wave-length .82 uy. 


SUMMARY. 


1. Anexpression for the equatorial magnetic rotation has been obtained 
as a consequence of Voigt’s theory, which is in good accord with the 
recent experiments of Ingersoll. The magneto-optical constants of iron 
and nickel have been computed from these experiments and from those of 
Foote. 

2. Formule for the magnetic rotation and ellipticity for the trans- 
mitted light have been obtained and the amounts of the Kerr and Faraday 
rotation and ellipticity computed for yellow light. These are in close 
agreement with accepted values. 

3. The relative dispersion of these two rotations has been computed 
for a spectral range from .4yu to 2.1 and is in fair agreement with all 
the experimental results which have thus far been obtained for nickel 
and iron. 


PHYSICAL LABORATORY, 
UNIVERSITY OF WISCONSIN, 
May, 1913. 


1Cf. St. Loria and Zakrzewski, Acad. Sci. Cracovie Bull., 6a, p. 278 (1910). 
2L. R. Ingersoll, Phil. Mag., 18, p. 74 (1909). 
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ON THE BEADED CHARACTER OF THE CATHODE RAY LINE 
AS REVEALED BY INSTANTANEOUS PHOTOGRAPHS 
TAKEN AT SHORT RANGE. 


By Cuas. T. Knipp. 


HE magnetic spectrum, so called, of cathode rays has been investi- 

gated by Birkeland, Strutt, and Thomson,' and is generally con- 

ceded to be due to the want of uniformity necessarily associated with the 

use of an induction coil. It was early shown that similar effects may be 
obtained by using an electrostatic instead of a magnetic field. 

Recently, while photographing at short range the carriers, atomic in 
size, of both positive and negative electricity that accompany the cathode 
beam, I was impressed with the beaded character of the cathode ray line. 
The distinctness and regularity of the beads suggested that their origin 
might possibly be other than a want of uniformity that accompanies the 
induction coil or static machine discharge, or other than the presence of 
secondary rays. 

APPARATUS AND MANIPULATION. 


The apparatus employed was that described in a recent number of the 
PuysICAL REvIEW.? The modifications necessary were slight. The 
Wehnelt cathode was removed and in its stead an ordinary aluminum 
cathode was suitably mounted. The beam of cathode rays emergent 
from the canal passed between the nearly coterminous magnetic poles 
and electrostatic field plates and fell upon the photographic plate beyond. 
This range was about 2 centimeters. Seed’s lantern slide plates were 
used. Mounting and exposing a plate to the action of the rays was 
briefly as follows: The circular plate, fastened to the movable brass 
disc? at three points by means of half and half wax, was placed in the 
cylindrical plateholder, which in turn slipped into position in the appa- 
ratus. After connecting the winch for turning the plate the glass 
containing vessel was sealed and the pump started. When the desired 
degree of exhaustion was reached, either with or without the aid of 
charcoal and liquid air, the electrostatic field was turned on and the 
discharge started. To get instantaneous photographs it was only neces- 
sary to rotate the plate while the discharge was passing. 

1J. J. Thomson, Conduction of Electricity through Gases, 2d ed., p. 633. 


2C. T. Knipp, Puys. Rev., XXXIV., March, 1912. 
3 See Fig. 1 of article referred to above. 
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Thus under varying conditions of deflecting fields (either magnetic, 
electrostatic, or both), aperture, vacuum and source of discharge, to- 
gether with varying conditions of resistance, self-induction, and capacity 
in the circuit, photographs of great diversity were possible. The short 
range that the carriers traveled enabled impressions to be received and 
recorded on the plate that at greater distances would doubtless be lost 
because of absorption. 


GENERAL CONSIDERATIONS. 


The electrostatic displacement of the cathode ray particle as recorded 
by the photographic plate is given by the equation 


Ae 
= () 
while the magnetic displacement is 
Be 
in (2) 


where A and B are constants depending upon the strength of the two 
fields respectively and upon the geometrical data of the discharge vessel. 
From these it follows that for a given range of velocities the greatest 
dispersion is to be had when an electrostatic field is employed. If there 
are present carriers having a wide range of velocities, falling off gradually 
from a maximum, then the time exposures when either field is employed 
should appear on the plate as a straight line shading off gradually in 
intensity as you recede from the geometrical or undeflected spot. The 
character of the instantaneous photographs will depend upon whether 
the discharge is intermittent or not. In the former case, the case of an 
induction coil discharge, the instantaneous exposures will be similar in 
shape and shading to the time exposures, only much less intense. If, 
however, the discharge is continuous, such as may be had from a high 
potential storage battery, the instantaneous exposures should reveal 
a continuous uniformly drawn out band similar in shading to the time 
exposure only much less intense. Uniformity in the direction of rotation 
of the continuous band may be expected only when the plate is rotated 
with uniform velocity. 

It would seem, then, that under the conditions just stated this arrange- 
ment of apparatus should reveal radiations that might have their origin 
in the discharge and possess energy enough to affect a photographic 
plate, as for instance (1) the presence of carriers due to ionization or 
secondary effects, (2) the possible emission of group velocity electrons 
from the surface of the cathode, or (3) group velocity electrons that may 
have their rise in the oscillatory character of the electric discharge. 
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In the first case, that of ionization, it is reasonable to expect that the 
photographs should show configurations that are fixed for both the time 
and the instantaneous exposures, but that would not necessarily be the 
same for a succeeding plate, and in general would not follow a definite 
law or sequence. In other words, the instantaneous photographs of the 
cathode ray line, produced by say an induction coil discharge, might show 
beads due to ionization and secondary effects, but it is not likely that the 
spacing of these beads along the line would follow any definite sequence 
though the spacings from instantaneous photograph to instantaneous 
photograph for a given plate more than likely would be the same. 

In the second case if the cathode gave off group velocity electrons the 
effect on the plate should be marked—both for time and instantaneous 
exposures. Again, it does not seem clear that any definite spacing of 
the beads should be expected though the spacing, whatever it might 
have, would be characteristic of the metal. That the cathode gives off 
simultaneously group velocity electrons is by no means assured, though 
a careful study of the photographs lends that view some support. 

Finally in the case of group velocity electrons that have their rise, 
when the discharge is intermittent, to the oscillatory character of the 
discharge we can foretell quite accurately what the effect on the photo- 
graphic plate should be for both time and instantaneous exposures. 
Take the case of the discharge passing between the knobs of a static 
machine when the leyden jars that accompany the machine are included. 
The discharge obviously is oscillatory though damped rapidly. Let its 
general character be represented by Fig. 1, in which the ordinates repre- 





a 


Fig. 1. 


sent successive values of the quantity of electricity discharged and the 
abscissas the periodic time J. This period is given by the relation 


1 
7 om / J LC ~ 4L” 
which, as R diminishes, approaches the value 


T = 21VLC. 


In words, the curve approaches a simple sine wave with no damping. 
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If such an electrical pendulum could maintain itself in the case of our 
discharge vessel, the kinetic energy would remain constant and there 
would in consequence result but one group of group velocity electrons. 
This group would have the same velocity as the electrons in the case of a 
continuous discharge corresponding to the same discharge potential 
difference. If however R has a considerable value, as is the case that 
obtains in the ordinary operation of a discharge tube by a static machine 
or induction coil, the oscillations are damped as shown in Fig. 1. The 
successive quantities discharged through the tube fall off rapidly, and 
hence the energy also falls off rapidly. This results, since both e and m 
remain constant, in a number of groups of electrons (one group corre- 
sponding to each crest) having successively smaller and smaller velocities. 
Take for example the case when the successive ordinates, both positive 
and negative, are proportional to 3.0, 1.5, 1.0, 0.5, 0.32, 0.2, 0.12 centi- 
meters. If, as was suggested, the velocities of the resulting electrons 
in the cathode beam are proportional to these ordinates we should get 
by equation 1, for the electrostatic displacement, distances proportional 
to 0.II, 1.0, 10, 25, 70. And similarly by equation 2, for the magnetic 
displacement, distances proportional to 0.33, 1.0, 3.3, 8.3. These dis- 
placements drawn to the same scale are set down in Fig. 2. Hence the 


Fig. 2. 


number of beads appearing on a given photographic plate, other condi- 
tions remaining constant, is, roughly, inversely as the damping of the 
oscillatory discharge which gives rise to them. 

The degree of exhaustion would also have an important bearing on the 
appearance of the beads. For a given set of conditions, such as in the 
example above, we should expect that the higher the vacuum the greater 
the velocity of the group electrons and hence the less the displacement. 
However, if the vacuum is too high the oscillations after the first one may 
not be abie to get through the discharge vessel, and for very high vacua 
we should expect but the one group. On the other hand if the vacuum is 
low the velocity of the successive groups will be low and hence the larger 
the displacements. The latter may be so large for group electrons corre- 
sponding to oscillations after the first that these groups may be driven off 
the plate by the deflecting field. For low vacua the absorption will be 
considerable and this may be sufficient to prevent the slower moving 
groups from reaching the plate, or, if they do reach it, as may be the case 
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when the deflecting field is weak, they may not possess enough energy 
to affect the photographic film. 


DISCUSSION OF PHOTOGRAPHS. 


As stated at the outset the beaded character of the cathode ray line 
was observed accidentally while working on retrograde rays. The shutter 
had failed to work, and in attempting an exposure on a fresh surface the 
plate was turned forward while the discharge was passing. The plate 
when developed showed, for the instantaneous exposures, a marked 
beading. Subsequently the beads were again noticed, especially when 
one or the other of the deflecting fields was zero. The beads seemed more 
pronounced when the deflection was due to the electrostatic field and 
hence most of the exposures (except a few at the beginning) were made 
with H equal to zero. 

Some fifty plates were exposed with especial reference to this beaded 
effect. A number of these were selected as representative and are re- 
produced full size in Plates I. and II. The order of exposure is indicated 
oneach photograph. The data relative to these photographs are collected 
in Table I. It may be well to state that if looking in the direction of the 
beam of cathode rays, the plates, in exposing, were turned counter clock- 
wise. This makes the order on the reproduced photographs clockwise. 
The exposures, then, begin at the left and end after a more or less com- 
plete clockwise revolution near the beginning. 

The photograph reproduced in Fig. 3 was the first to show beads. The 
deflections were due to both the magnetic and electrostatic fields acting 
simultaneously. In the first half the direction of the electrostatic field 
was such as to drive the cathode line away from the center. This field 
was reversed in the second half. The instantaneous exposures, in general, 
show three bright spots or beads. No record was kept of the vacuum; 
however, it was not high. 

The reproduction shown in Fig. 4 was one of the first plates exposed in 
which the sole object was to get the beaded effect. During the interval 
the diaphragms used in Fig. 3 were replaced by a brass tube about 18 
mm. long by .12 mm. internal diameter. This tube gave much sharper 
definition. The vacuum was high and the minimum discharge potential 
was equivalent to a 2.5 cm. spark in air. In this and the photographs 
that follow the electrostatic field only was employed. The photograph 
shows a series of instantaneous exposures with X (the electrostatic field) 
equal to zero, a time exposure of 10 or 15 seconds, followed by another 
series of instantaneous exposures with X = 3,000 volts per centimeter, 
and finally a time exposure of about one second. Many of the instan- 
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taneous exposures show a second and several a third dot in the direction 
towards the center of the plate. It is interesting in this connection to 
note that the first time exposure also shows the retrograde rays, 7. e¢., 
carriers atomic in size and charged positively and hence deflected, in this 
photograph, away from the center. 

The conditions for Fig. 5 were nearly the same as in Fig. 4, except in 
the second half of the revolution a capacity of two leyden jars was 
included as shown in 8, Fig. 6. The connections for the first half are 
shown ina of the same figure. The undeflected spots are first shown, then 
the plate was turned through an arc during which the deflecting field 
X was on, after which X was reversed for a time and then again reduced 
to zero. The leyden jars were now included, as shown in Fig. 6, b, and 









































Fig. 6. 


the sequence of exposures repeated. Unfortunately the reproduction 
does not show all of the finer markings of the negative. A number 
of the exposures on the negative show as many as four beads. 

In the succeeding photographs the tube was replaced by the objective 
containing the diaphragms. The three photographs, Figs. 7, 8, 9, con-. 
stitute a series of instantaneous exposures in which all the conditions 
were kept constant except the vacuum. In these an 8 inch Leeds coil 
was substituted for the 6 inch Kohl coil. The connections were those of 
a, Fig.6. The method of exposing each plate was to give the plate a 
quarter turn, then stop for a few seconds before proceeding on round. 
The first photograph, Fig. 7, shows the beads in a striking manner. In 
the second, Fig. 8, the vacuum was some higher and hence the displace- 
ment of the first group is less. The exposures on this plate show peculiar 
markings in the neighborhood of the undeflected point which may be due 
to ionization or secondary effects. These markings together with others 
that appear at the side of each instantaneous photograph are distinctly 
shown in the third photograph of this series, Fig. 9. The effect of an 
increasing vacuum is to cut off the subsequent groups. Traces of 
retrograde rays are visible in nearly all of the time exposures on these three 
plates. 
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In the next three photographs, Figs. 10, 12, and 13, the induction coil 
was replaced by a Wehrsen static machine. Smaller values of X were also 
used. In Fig. 10 the connections were made as sketched in Fig. 11. 
As is readily seen the discharge takes place at B without preparation 
whenever a spark passes at A. The volume of the discharge was con- 
siderable. Most every instantaneous exposure on the negative shows 
































Fig. 11. 


beads. In the photograph reproduced in Fig. 12 the inductances and 
leyden jars were removed and connections were made direct. The 
vacuum was quite high. The peculiar markings shown in Figs. 8 and 
9g again appear. These markings also appear very distinctly in the first 
half of Fig. 13. It would thus seem that they are not dependent upon 
the source of the discharge. 

To get still further evidence on the possible cause of the beads that 
so persistently appear on the cathode ray line I followed a suggestion 
made by Mr. O. H. Smith, graduate student in physics, and who assisted 
me in making a number of the exposures. If these beads are due to the 
oscillatory discharge then possibly additional evidence may be had by 
photographing simultaneously the negative crest. This could be done 
by mounting two exactly similar canals with their attending equal 
electrostatic fields diametrically opposite in the apparatus, so that either 
in turn may serve as the cathode. The plate with this arrangement to 
be turned but a half revolution. The negative crests (corresponding to 
the troughs in Fig. 1) should appear on the plate as instantaneous photo- 
graphs diametrically opposite to the corresponding photograph for the 
positive crests. Indeed, this point may be tested with the apparatus as 
originally constructed by giving the photographic plate a half turn then 
interchange the connections after which the turn is completed. A plate 
thus exposed should show negative crests, obviously not simultaneously 
with the positive crests, but negative crests due to oscillations accom- 
panying a series of later discharges, and, so far as comparing the position 
of the negative crest with the positive trough is concerned, should 
answer equally well. 
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The second half of Fig. 13 was taken under the above conditions. It 
shows that cathode rays do proceed from the anode. Their presence and 
position may be accounted for by the negative crests of the damped 
oscillatory discharge. In this photograph they did not, however, accom- 
pany each discharge, but only about every fourth one, though careful 
measurements show that the groups that are recorded correspond in 
general to the troughs in the first half. 

In Fig. 14 the static machine was replaced by the 8 inch Leeds induction 
coil, the vacuum was rather low, and X was made 1,800 volts (see Table 
I.). On this plate the negative crests appeared in great numbers due in 
part to the plate being turned more slowly in the second half. For the 
most part their positions correspond to a trough in the first half, as may 
be seen by the arc drawn on the photograph. It seems strange, however, 
that this photograph shows no negative crests corresponding to the first 
trough. In the next, Fig. 15, X was made 3,000, otherwise the conditions 
were the same as in the preceding photograph. In this negative crests 
appear in the second half corresponding to two troughs in the first half. 

In the last photograph exposed, Fig. 16, the tube was again inserted. 
The vacuum though not recorded was high. In turning the plate it was 
halted twice, possibly for one or two seconds, in each half turn. Again 
the points appearing in the second half correspond to carriers having a 
lower velocity than in the first half. In comparison with Figs. 4 and 5 
it is evident that the vacuum was too high, since apparently only the first 
positive and first negative group electrons were formed. 


CONCLUSION. 


It appears from the photographs reproduced in this paper that in most 
cases the beaded effect of the cathode ray line may be accounted for by 
the oscillatory character of the electric discharge. However a number of 
the photographs show beads whose spacing along the cathode line is not in 
agreement with that that should follow for damped oscillations. These 
may be due to ionization or secondary effects, or possibly due to group 
velocity electrons given off by the cathode. The position of the cathode 
seems to have but little or no effect upon the general character of the 
beads. 

The strongest, and in some respects the most convincing evidence 
pointing to the oscillatory discharge as the origin of the beads is furnished 
by the photographs showing the negative crests. These crests in most 
every instance correspond to the troughs in the beaded line as shown in 
Figs. 13, 14, 15, and 16. 
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Admitting that the evidence submitted is sufficient to show that an 
oscillatory electric discharge under proper conditions (conditions which 
were met in a number of the foregoing photographs) results in a beaded 
cathode ray line, it seems that we have here a possible explanation of the 
beading of J. J. Thomson’s molecular lines.1 This conclusion, it seems 
to me, follows naturally because of the intimate relation that exists be- 
tween the cathode rays and the positive rays which form the molecular 
line. 

LABORATORY OF PHYSICS, 


UNIVERSITY OF ILLINOIS, 
March, 1913. 


1 Philosophical Magazine, August, 1912, p. 237. 
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AN ELECTRIC CONVERTER. 


By Wo. I. Book. 


HIS paper describes a new method of producing electric oscillations 
of high frequency from a direct-current source. The apparatus is, 
therefore, called an electric converter. 

In this method of producing electric oscillations the primary and 
secondary oscillating circuits are arranged in the same manner as they 
are for producing electric oscillations with the Duddell arc, and with the 
Poulsen arc. But the converter differs much from all other methods 
previously used to produce continuous electric oscillations. 


DESCRIPTION OF APPARATUS. 


The converter consists of a powerful electro-magnet with heavy 
tubular pole pieces, a, about 7.6 cm. in diameter. (See Fig. 1.) The 
walls of these pole pieces are reamed out, or tapered, at the end to a 
thickness of about 0.45 cm. Fitted on the end of each of these pole 
pieces is a fiber ring, 6, about 10 cm. in outer diameter. To this fiber 
insulation is attached a copper (cathode) ring, r, about 5.6 cm. in inner 
diameter (to be described below). One of the tubular pole pieces is filled 
with a plug of fiber, c. A brass rod, d, neatly fits into a longitudinal 
hole through the center of this fiber plug. This rod is thus insulated 
from the pole pieces. There is fastened to the end of this rod by means 
of a machine screw a zinc or carbon (anode) disc, e, about 5.4 cm. in 
diameter. The faces of the fiber rings, mentioned above, project slightly 
beyond the ends of the pole pieces, making sockets into which are fitted 
discs of mica, g, over the ends of the pole pieces. These mica discs 
with the fiber rings insulate both the anode disc and the cathode ring 
from the pole pieces. 

If a difference of potential of approximately 500 volts is impressed 
across the gap between the anode disc and the cathode ring, under the 
proper conditions, a spark or discharge will take place across the gap. 
Now if there is a current in the coil of the electro-magnet there is a 
powerful magnetic field between the poles of the magnet; the lines of 
force of the magnetic field passing chiefly through the gap between the 
anode disc and the cathode ring. The direction of the spark, therefore, 
is perpendicular to this magnetic field, and, in accordance with the funda- 
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mental principle which underlies the action of an electric motor, there is 
a force action on it perpendicular to both the magnetic field and the 
direction of the spark discharge. This causes the discharge to move 
around and around the circular gap between the anode disc and the 
cathode ring. But either the anode disc or the cathode ring must have 
a rough surface in order to obtain the conditions necessary to produce 
oscillations in an oscillatory circuit shunted about the spark-gap. It 





Fig. 1. 


was found best to put a regularly roughened surface on the cathode ring. 
Different methods were tried for producing this regularly roughened 
surface. The simplest and most successful method tried was carefully 
to wind a soft copper wire of, say, No. 16 gauge on a ring made of No. 10 
or No. 11 gauge wire. This wire-wound ring, 7, was then soldered into 
a circular hole cut in a sheet of copper, this sheet of copper serving not 
only as a conductor to which the line from the negative brush of the 
dynamo is attached, but also as a heat radiator for the cathode ring, 
thus keeping it reasonably cool. 


CONNECTIONS OF APPARATUS. 


In Fig. 2, there is shown a general diagram of the connections of the 
apparatus. The source of difference of potential used, (E), was two 14 
horse-power 500 volt D.C. dynamos joined in parallel. Ro is a variable 
resistance consisting of a bank of carbon filament lamps in series with a 
slide-wire contact resistance capable of varying the main current from 
about 1/10 of an ampere to about I ampere. Jo is a direct current milli- 
ammeter with which to measure the current in the main circuit. Loisa 
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choke coil. The high tension side of an ordinary electric light transformer 
was used for the choke-coil. G is the gap between the anode disc and 
the cathode ring. Cj, isa variable capacity in oil. C,is a similar capacity 
in the secondary oscillating circuit. , is the primary of a closely wound 
induction coil. JL is the secondary of this coil. J, is a hot wire ammeter 
with which to measure the current in the primary oscillating circuit. 
R, is a variable resistance consisting of a bank of carbon filament lamps. 








Fig. 2. 


THEORY AND PRINCIPLES OF THE ACTION OF THE SPARK-GAP. 


When the apparatus is connected as shown in the diagram, Fig. 2, 
and when the proper conditions are produced for the spark discharge to 
take place, the spark will pass around and around in the gap between the 
inside disc and the outside regularly roughened or notched ring. Because 
of the notches or grooves in the outside ring the sparking distance alter- 
nates rapidly from a given minimum to a given maximum as the dis- 
charge passes around the gap; and, therefore, the resistance of the gap 
likewise varies with this varying length. The function of the choke coil 
in the main circuit now appears. It serves to maintain a nearly constant 
supply of energy through the gap and the primary oscillating circuit 
shunted around the gap. When the spark is passing between the inside 
disc and a ridge on the outside ring the resistance across the gap has a 
minimum value, but when the spark is passing between the disc and a 
groove in the outside ring the resistance of the gap isa maximum. There 
will, therefore, be a rapdily alternating flow and ebb of energy into the 
primary circuit,—at each high resistance in the gap a flow, at each low 
resistance in the gap an ebb. Since the primary oscillating circuit has a 
natural frequency of its own, it would seem that the oscillations in this 
primary circuit for a given set of conditions will have an increased 
amplitude,—and, therefore, a greater amount of energy will be in the 
primary circuit,—when the natural frequency of the primary oscillating 
circuit is an integral multiple of the frequency of the flow and ebb of 
energy into this circuit due to the alternating higher and lower resistances 
in the spark gap. 
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A number of variables however enter into the investigation of these 
circuits and the complete determination of their inter-relation is not as 
simple a problem as at first it seems to be. The D.C. voltage impressed 
across the gap, the amount of current in the main circuit, the average 
length of the spark gap, the number of ridges and grooves in a given 
length of arc of the spark gap circumference, the intensity of the magnetic 
field through the gap; these are some of the quantities to be investigated. 


OBSERVATIONS AND DISCUSSION. 


The spark-gap may vary in mean length with different conditions 
from 0.2 mm. to 2.5 mm. It will be observed at once that with a spark 
gap of this length it is necessary to start the spark discharge by some 
mechanical means. This is done by pushing a small wire into a groove 
in the fiber next to the cathode ring so that the wire touches both the 
inside disc and the outside ring. This closes the main circuit. The 
wire is immediately withdrawn, thus starting the spark discharge. 

The curves of Fig. 3 show the result of using different lengths of spark 
gap. The curve marked ‘Zn,’ shows the variation of current in the 
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Variation of current in primary with change of spark-gap length. Variation of voltage 
across gap with change of spark-gap length. Field = 4,500 gauss, Jo = 0.65 amp., C1 
= 3.4X107? M.F. 


primary oscillating circuit with a change in the length of the gap when 
zinc was used for the anode disc. The curve marked ‘‘C;’’ shows the 
same thing for carbon as the anode disc. On the same chart are shown 
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two curves which illustrate the variation of D.C. voltage across the gap 
with a change of spark gap length. These curves are marked “Zn,” 
and ‘‘C,.’”’ For best results the spark gap should be from 0.4 mm. to 
1.5 mm. in length. These curves seem to indicate that zinc or carbon 
may be used for the anode disc with approximately the same results. 
Brass and aluminium were tried with practically the same success. 

The study of the effect of a varying field upon the current in the 
primary oscillating circuit follows. To get the relation between these 
quantities it is necessary first to know the relation between the current 
in the coil to produce the magnetic field across the gap, and the field 
itself. This relation was determined by plotting a curve with the current 
in the field coil, measured in amperes, as abscissas and with the field, 
measured in gausses, as ordinates. From this curve it was easy to note 
the field through the gap corresponding to any current in the field coil. 
The method used to determine the field strength was the method of the 
bismuth spiral; the pole pieces being kept at the same distance from 
each other as they are when the anode and cathode parts are between 
them, 7. e., at a distance of approximately 0.7 cm. 

If, now, the spark discharge be started and all the variable quantities 
in both the main circuit and the oscillating circuits be kept constant, but 
the field be increased gradually, the current in the primary oscillating 
circuit will also increase. It does not, however, increase as a straight 
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Fig. 4. 


Current curves with change of field across gap. Ci = 3.4X107 M.F., Vi = 125 to 230 volts, 
depending upon length of gap. Ai = 330 m. 


line function, but rises to a maximum above which an increase of field 
will not further augment it. If the field is increased considerably 
beyond the value which, for a given set of conditions, will give the maxi- 
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mum current in the primary oscillating circuit the spark discharge 
sputters or becomes noisy and the energy in the oscillating circuit is 
decreased rather than increased. In Fig. 4 are shown three characteristic 
curves illustrating the above mentioned result. The readings for the 
curve marked ‘Zn 2”’ were obtained when a spark gap of 0.85 mm. was 
used. The spark gap for the curve ‘“‘ZN 3” was 1.3 mm. long, and that 
for the curve marked “Zn 5’ was 2.3 mm. in length. The explanations 
of this result that have suggested themselves to the writer are not entirely 
satisfactory to him and are reserved for further verification. 

The curve of Fig. 5 marked J, shows the increase of current in the 
primary oscillating circuit with a gradual increase of the capacity in that 
circuit. The curve marked J) shows the amount of current in the supply 
circuit corresponding to these different amounts of capacity and current 
in the primary oscillating circuit. The readings for the curves were taken 
with the magnetic field across the gap maintained at about 4,500 gausses. 


| 
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Fig. 5. 


Supply circuit and oscillatory circuit currents with change of primary capacity. 


To get the maximum current in the primary oscillating circuit for a 
given amount of capacity in this circuit the current in the main, or supply 
circuit must not be too large. When there is too much current in the 
main circuit the spark discharge sputters and is irregular, and thus little 
energy gets into the oscillating circuits. But when this condition is 
present, if the supply current is gradually decreased the gap runs more 
and more smoothly, and the current in the primary oscillating circuit 
gradually increases. If the supply current is still gradually decreased 
by means of the variable resistance in the main circuit the current in the 
oscillating circuit continues to increase until it comes always to a maxi- 
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mum value for the given capacity in the circuit. If the supply current 
is decreased yet a trifle the spark suddenly stops—“ blows out.’”’ This is 
a very characteristic phenomenon of the converter. It seems to indicate 
that as the energy in the oscillating circuit becomes greater and greater 
a condition is reached where the back E.M.F. impressed across the gap 
due to the oscillations in this circuit is sufficient to reduce the D.C. voltage 
across the gap to too low a value to maintain the spark discharge. 

The number of notches per unit length of arc of the spark gap cir- 
cumference is an important factor in determining the amount of energy 
that is transformed in the oscillating circuits. A very large number, say 
25 per centimeter of arc, is of no advantage, but rather of a disadvantage. 
If the number be too large the spark discharge, or arc, spreads over 
several of them, and thus a regular and considerable rise and fall of the 
spark gap resistance is not obtained. ‘On the other hand if the number of 
notches be too few then the number of pulses per unit of time is not suffi- 
cient, with a low field across the gap, to maintain the oscillations in the 
primary circuit. However, with only 54 notches in the entire circum- 
ference of the gap the current in the primary increases very rapidly as the 
magnetic field across the gap is increased. The best results were ob- 
tained with a cathode ring made with about 10 notches per centimeter of 
arc. 

Among the observations made in connection with the secondary 
circuit one notable fact was observed. It was frequently noticed that 
when the gap was in operation with slightly too much current in the 
supply circuit and when the secondary was not tuned to the primary, the 
tuning of the secondary to the primary produced the condition in the gap 
which would be obtained by gradually decreasing the current in the 
supply circuit; 7. e., the spark discharge becomes more regular and quiet 
and the current in the primary increases. If the gap is already acting 
smoothly before the secondary is tuned to the primary an attempt to 
tune it will cause the spark to “blow out.” 


APPLICATION. 


A very interesting application of this new converter occurs in wave- 
telegraphy. The writer has at different times successfully signalled by 
means of it to a private wireless station three city blocks distant. These 
signals were very distinctly heard at stations at a distance of from three 
to five miles from the Randal Morgan Laboratory of Physics where this 
research was pursued. 

There are several ways to produce the signals with this apparatus. 
One method is to join in series with the secondary circuit (which is the 
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antenna circuit here) a suitable resistance of, say, carbon filament lamps 
and shunt this resistance with the signaling key. Upon pressing the key 
to produce a signal the resistance is shunted and the energy in the 
secondary is radiated through the antenna instead of being used to heat 
the resistance. Another method is to join in parallel with the antenna 
circuit a secondary which can be tuned to the primary. These two 
circuits have placed in them a double-action key. When this secondary 
circuit is closed it diverts the energy from the antenna circuit. When 
the key is pressed to produce a signal the tuned secondary circuit is 
broken. The energy then “flows” into the antenna circuit and is 
radiated by it. 

It is the confident belief of the writer that this method of producing 
continuous high frequency oscillations will succeed not only in wireless 
telegraphy but also in wave-telephony. 


SUMMARY. 


1. A result of this research is that an electric converter to produce 
continuous electric oscillations of high frequency has been constructed 
which applies the fundamental principle of the electric motor. A gas 
serves as the conductor. A radial spark discharge takes place through 
air at right angles to an intense magnetic field; and in accordance with 
the electro-dynamical principle involved there is a force action on the 
spark perpendicular both to the direction of the magnetic field and to the 
direction of the spark discharge, causing the spark to move rapidly 
around in a circular gap. 

2. An advantage of this converter consists in the fact that the spark 
discharge takes place in air instead of in some other gas such as hydrogen. 

3. To produce the electric oscillations in the oscillatory circuit the 
circular spark gap should be regularly notched with about 10 notches 
per centimeter of arc. 

4. The length of the spark gap may be from 0.4 mm. to 2.5 mm. 

5. An increase of the magnetic field across the gap increases the energy 
in the oscillatory circuit but not in constant ratio with the increasing field. 

6. By increasing the capacity in the primary oscillatory circuit the 
oscillating current is rapidly augmented, while the increase in the supply 
current to make possible such increase of capacity is small. 

7. Too large a supply current decreases the energy of the oscillatory 
circuit. For a given set of conditions if the supply current be gradually 
decreased the oscillating current increases until a condition is reached 
where further decrease of supply current causes the spark to suddenly 
stop. 
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8. This type of electric converter is well adapted to use in wave- 
telegraphy. 

In conclusion I wish to thank Professor A. W. Goodspeed, director of 
the Randal Morgan Laboratory of Physics, for placing at my disposal 
the facilities of the laboratory which made possible this investigation. 
I also wish to acknowledge my indebtedness to Dr. R. H. Hough for 
much valuable assistance, and for suggesting to me the fundamental idea 
from which this research developed. 


THE RANDALL MORGAN LABORATORY OF PHYSICS, 
UNIVERSITY OF PENNSYLVANIA. 
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THERMAL CONDUCTIVITY OF AIR AT LOW PRESSURES. 


By A. TROWBRIDGE. 


N the course of an investigation, still in progress, which involves the use 
of bolometers enclosed in a vacuum, irregularities in the equilibrium 
temperature of the bolometers were noted which were too large to permit 
a continuance of the work. It was obvious that the temperature varia- 
tions were caused by variations in the pressure of the gas residues con- 
tained in the vacuum but as these pressure changes were found not to be 
wholly due to leaks and seemed to be unavoidable under the conditions 
of the original investigation, it was decided to make a separate study of 
the effect of pressure on the equilibrium temperature of a bolometer in 
order to ascertain whether or not there were any pressure at which the 
rate of change of the temperature with the pressure is a minimum. 

The results of this subsidiary research seem to the writer to be of 
sufficient importance to warrant the publication of them separately 
especially as the main investigation of which this is a ‘‘ by-product” 
will not soon be completed. 

A body heated in a vacuum loses energy by conduction in its own 
material; by conduction due to the gas residues; by gas convection and 
by radiation. For small differences of temperature between the body and 
the enclosure the radiation may be taken to be proportional to this tem- 
perature difference and to depend in addition on the geometry of the 
system and on the nature of the radiating surfaces. For pressures of less 
than one tenth of a millimeter of mercury the energy loss by gas convec- 
tion may be neglected in practice. The loss by conduction through the 
material of the body itself may be calculated from a knowledge of the 
thermal conductivity of the material and its geometry and by a proper 
choice of dimensions may be rendered small compared to the losses by 
other means. . 

The remaining mode of energy loss (gas conduction) is the only one 
which can depend primarily on the gas pressure. 

It is known from the theoretical work of Maxwell and from the experi- 
ments of Kundt and Warburg that the thermal conductivity of a gas 
should be independent of the pressure so long as this is not too small and 
it is known that at very low pressures the conductivity is a function of 
the pressure. 
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M. v. Smoluchowski' has accounted for the latter fact on the principles 
of the kinetic gas theory by the aid of the assumption that while the 
“internal’’ conductivity is independent of the pressure there exists at 
the boundary wall a temperature discontinuity caused by imperfect 
thermal interchange and that this, itself a function of the pressure, 
plays an ever-increasing rdle in determining the energy flow as the 
pressure is reduced. When the pressure is so low that the mean free 
path of the gas particle is more than the distance which separates the 
body from its enclosure the “internal” conductivity no longer deter- 
mines the energy flow even in part but the ‘‘external’’ conductivity is 
all-important and this M. v. Smoluchowski shows to be theoretically 
proportional to the gas pressure. 

The results for the conductivity of air at low pressures obtained by 
calculation from the equilibrium temperatures of bolometers were in 
such good accord with the above theoretical considerations that it was 
decided to test them more accurately than had been possible in the pre- 
liminary experiment. 

With this purpose the bolometer was abandoned for a platinum wire 
30 cm. long and 0.005 cm. in diameter wound into a spiral and coated 
with platinum-black. This was mounted in the center of a glass bulb 
about 5 cm. in diameter connected to a Gaede molecular pump provided 
with a McLeod gauge capable of measuring gas pressures down to 1.5 
xX 10% mm. A tube containing cocoanut charcoal for use with liquid 
air to produce a vacuum free from mercury vapor was also connected with 
the tube containing the platinum spiral. 

The spiral wire was sufficiently long in comparison to its diameter to 
make the energy loss by end-conduction negligible with respect to the 
losses by radiation and by gas conduction. The spiral formed one branch 
of a Wheatstone bridge, two of the remaining three branches of which 
were manganin coils of 1,000 ohms each. Opposite to the spiral was a 
manganin coil whose resistance was very slightly greater than that of 
the spiral and this coil was shunted with a variable high resistance so 
that the combined resistance of the branch could be made exactly equal 
to the resistance of the spiral. 

After having determined the temperature coefficient of resistance of 
the platinum spiral in the usual manner it was found that the temperature 
of the spiral was very accurately proportional to the square of the current 
flowing in it provided the temperature rise of the spiral was not more 
than 20 to 30 degrees centigrade and provided the pressure of the gas 
in the bulb containing the spiral is maintained constant. This is to be 


1 Annalen der Physik, 35, p. 983, I9II. 
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expected since the rate of energy input is proportional to the square of 
the current and the energy outflow is proportional to the temperature 
difference between the body and the wall for small differences of tem- 
perature. The slope of the straight line connecting temperature rise 
and the square of the heating current depends only on the gas pressure 
in the enclosure, being in fact great for low pressures and small for high 
pressures. 

It would seem thus that the slope of the temperature-(current)? curve 
might be brought into quantitative relation with the pressure correspond- 
ing to this slope and thus a law relating the gas conductivity with the 
pressure might be obtained. 

This expectation has been fulfilled as a result of the observations re- 
ported further on. 

The following table gives the results of a series of observations ob- 
tained with a blackened platinum wire in a glass enclosure which was 
maintained at a temperature of zero degrees centigrade by being kept 
in a Dewar flask containing cracked ice. In column 1 are tabulated the 
values of the gas pressure! in thousandths of a mm. of mercury. In col- 
umn 2 are given the slopes of the temperature-(current)? function. Col- 
umn 3 contains the reciprocal of the square of the values in column 2. 
Column 4 contains the values of column 3 diminished by the reciprocal 
of the square of the slope at zero pressure (this value was obtained by 
exterpolation). The last column contains the ratio of the values in col- 
umn 4 to the corresponding values in column 1. The values in columns 
2 to 4 inclusive are in arbitrary units. 

Although there is a wide variation in the values in columns I and 4 
column 5 shoys a very fair degree of constancy. 

In order to draw conclusions from this experimental result it is neces- 
sary to interpret the physical significance of the quantities (1/s)? and 
(1/s0)?. 

If ¢ represent the difference in temperature between the spiral and its 
enclosure when the current J flows we have the change in resistance of 
the spiral given by 7; = ro(J + at) where a is the temperature coefficient 
of the resistance of the material of which the spiral is made. 

For small values of ¢ it was found experimentally that r ~ J? or 
r = sJ* or s = r/J* where s is the slope given in column 2 of the table; 
hence t = J’s/roa. If X be the loss in calories per second per unit length 
per degree difference in temperature due to gas conduction and oa be the 

1 The pressures are not those at which observations were taken but are values taken from 
a smooth curve laid through the observation points. These latter were all so close to the 


smooth curve that the values in column 1 practically represent observation points and are 
more convenient for calculation. 
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loss due to radiation expressed in the same units and if the losses due to 
convection and to conduction in the material of the wire be negligible 

















TABLE I. 
il Il. -. . . IY: sci : .. . 
P. in Mm. Hg. Slope. ( stags) - (=) -(<)- ()-(§) + p. 
1010-3 1,670 36 x10- 20 X10-% 20 x10 
20 1,355 54.8 38.8 19.9 
30 1,155 75.5 59.5 19.8 
40 1,000 100 84.0 21.0 
50 893 123 107 21.4 
60 820 146 130 21.6 
70 770 169 153 21.8 
80 735 185 169 21.1 
90 695 207 191 5 
100 663 228 212 21.2 
110 629 252 236 21.4 
120 610 269 253 21.1 
130 591 286 270 20.8 
140 571 306 290 20.7 
150 552 RY | 311 20.7 
160 538 346 330 23.0 
170 523 365 349 23.5 
180 511 383 367 22.0 
190 500 400 384 21.0 
200 485 424 408 22.0 




















the total loss from the wire when it is ¢ degrees centigrade above its 
surroundings ((A + c)#) must be equal to the energy supplied by the 


current (0.239J°ro/e). 


Thus ¢ = 0.239J’ro/(o + A)/ but since t = J*s/row 


0.23970" 
e+) = —— - 
I I 

2 = pale +)? 


Thus at pressure p 


1\? I 
(=) = 72 (0 + Yp)® 


iy ff 
(+) = Fa (o + Xo)? 


and at pressure 0 


and the constancy of the values in column 5 of the table indicates that 


(A) 


k- 


(o + Ap)? — (@ + Ao)? = R’p. 


(1) 


(2) 
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If we assume that at pressure zero the gas conductivity is also zero we 
have o? + 20d, + Ay? — o? = k'p or 204, + A,? = kp. For very low 
pressures \, is small compared to o for ¢ is independent of the pressure 
and hence in this case \, is proportional to the pressure. This is a result 
at which v. Schmoulouski arrived in his paper cited above. 

If on the other hand the pressure is great the quadratic form of the 
function \, allows a practical independence of the pressure as Maxwell 
showed should be the case at high pressures. Thus equation A which 
satisfactorily represents the observations made with a blackened platinum 
wire in an enclosure of glass at constant temperature is in agreement 
with theoretical conclusions both at very low and at very high pressures. 

In the former of the two cases the conductivity is proportional to the 
number of molecules present in unit volume. This is what we might 
expect if each molecule moved from the wire to the wall without colliding 
with its neighbors since this could only happen if the mean free path of 
the molecule were large in comparison to the distance between the wire 
and the wall, 7. e., at low pressures. 

In the latter of the two cases the conductivity may be independent of 
the pressure because while the number of molecules in unit volume in- 
creases with the pressure the mean free path decreases in like amount so 
that the energy transfer may be independent of the pressure if the 
distance between the wire and wall be a great many times the mean free 
path. 

It will be seen that the radiation o may be calculated from equation 
(2). It may also be calculated as follows if we assume the wire to be a 
black body, cylindrical in form, of radius R and length 1 cm. The 
radiation loss per second of such a body is 27/RA(T* — To‘) where A is 
the constant of the Stefan-Boltzmann law and T and Ty» are the absolute 
temperatures of the wire and the enclosure respectively. If the difference 
of these temperatures is small the loss may be expressed by 8rRT7,°/tA 
and the loss per unit length per degree difference in temperature between 
wire and wall is 


o = 8rRAT;}. (3) 


(Since A is expressed in calories per sq. cm. per sec. o will be expressed 
in calories per sec. per em. length.) 

The value calculated from this formula is 16.2 X 107’ while that 
calculated from the data contained in the table is 20.3 X 1077. This 
difference is in part due to the fact that the area of the blackened wire is 
greater than that of the bare wire whose dimensions were used in the 
calculations by means of equation 3. Asa further test as to whether J/so 
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is proportional to o a series of observations was taken with the enclosure 
at 26 degrees centigrade. It was found that the value of the quantity k 
in equation A was unchanged although the value of (J/so)* was increased 
from 16 X 10-* to 28 X 10-8. The square root of the ratio of these two 
numbers is the ratio of the corresponding values of the radiation constants 
o. Thus ov/o9 = 1.32. By equation 3 this ratio should be equal to the 
ratio of the cubes of the absolute temperatures, which is 1.31. 

On the whole the calculations based on the assumption that the wire 
and the enclosure are black bodies are in very fair accord with the facts, 
but equation (A) is by no means restricted to the case of black bodies. 
In fact the equation shows that in the experimental determination of the 
gas conductivity it is advisable to employ a poor radiator so that o 
may be small compared to i. 

With the object of testing further the validity of equation (A) experi- 
ments were undertaken with an unblackened spiral of platinum wire. 
The experimental procedure was altered as follows: Instead of observing 
the change of the resistance of the spiral for two different heating currents 
J, and Jz at every pressure p the current J, which must needs flow in 
order to raise the temperature an assigned amount was observed for 
every gas pressure. 

Since t = J*s,/row if ¢t be kept constant s, ~ 1/J,? and by equations 
(1) and (2) J,4 ~ (o + Az)? and Jot ~ (o + Ao)*?. Thus for equation (A) 
to be true J, — Jo‘ must be proportional to the pressure p. 

In practice the Wheatstone bridge which contained the spiral as one 
of its branches was always kept in balance so that the spiral was about 
10 degrees C. hotter than its surroundings. To accomplish this the 

















TABLE II. 

Pressure in Mm. Jp (Spt —Jo*) (Jp —So*) + 2 
16 x<10- 12.8 «1079 12.3 «10-9 7.71077 
* 9.2x«10-3 7.271079 6.77 10-9 7.41077 
7.61073 6.451079 5.95 10-9 7.81077 
7.41073 5.96 X1079 5.46107 7.41077 
5.21073 4.02 107° 3.52107 6.81077 
4.861073 3.98 x1079 3.48 10-9 7.21077 
3.21073 2.48 x 1079 1.98 10-9 6.21077 
2.51073 2.401079 1.90 10-9 | 7.61077 











resistances of the other three branches of the bridge were maintained 
constant and the current was adjusted to the proper value for each gas 
pressure at which observations were taken. This current was measured 
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on a Weston mil-ammeter. This method of observation is, of course, not 
so accurate as that first employed as it involves the reading of a deflection 
instrument but it has the advantage of permitting rapid measurement. 
For some time past the writer has employed a heated platinum spiral in 
the manner just described as a substitute for the McLeod gauge in the 
pressure range below one one-thousandth of a millimeter of mercury and 
has found it possible to take about twenty pressure measurements with 
the spiral in the time required to take a single observation with the 
McLeod gauge. The following table includes the results of a character- 
istic series of observations taken by the last-described method: 

As will be seen by comparison with Table I. the constancy in the last 
column is here not quite so satisfactory as in the case of the results ob- 
tained by use of the first method. This is undoubtedly due in part, as 
already mentioned, to the use of the mil-ammeter, and in part also to 
the fact that the gas pressures employed were much lower than in the 
first series and hence were less accurately determined by means of the 
McLeod gauge. It is evident however from a study of both the tables 
that within the limit of probable error the equation (A) is satisfied and 
that at low pressures the gas conductivity is proportional to the number 
of gas molecules present in unit volume. 


PALMER PHYSICAL LABORATORY, 
PRINCETON UNIVERSITY, 
June, 1913. 




















EXTENSION OF MAXWELL'S SERIES FORMULA. 


EXTENSION OF MAXWELL’S SERIES FORMULA FOR THE 
MUTUAL INDUCTANCE OF COAXIAL CIRCLES. 


By J. G. COFFIN. 
HE most important formula for the mutual inductance of coaxial 
circles is the exact formula in elliptic integrals given by Maxwell :! 


M = 4xVda) (7-2) F- jz}, (1) 


in which A and a are the radii of the two circles, d is the distance between 
their centers, and 
2VAa 
k= VA+al+e 








= sin y. 


F and E are the complete elliptic integrals of the first and second kind, 
respectively, to modulus k. 

He also obtained an expression for the mutual ve Tt? 
inductance between coaxial circles in the form of a Hi 
converging series which is sometimes more conve- | 
nient to use, but has the especial importance of 
being integrable over the cross sections of coaxial 
coils thus giving rise to many valuable formule. a 
It is thus seen to be a formula of fundamental 
importance. Maxwell however carried the series 
to terms of the third degree in c/a and d/a only. 
A and a are the radii of the twocircles,c = A —a,d f-----d -----4 
is their distance apart. His formula includes only i 
the terms of the third degree of the following one. 7 >. 

















c+ 3d? _ CO+3cd? 17¢c'+42c%d?—15d? 
16a? 32a 1,024a* 
o£. 37° —a &—6cd 
2a 16a? 48a 








8 c 
M=4ra| log = (1+ + 








19¢5+ 30c%d? — 45cd! ) ( 
= 2,048a° al ae 


19¢c'+534c*d? —93d! a 379c°+ 3,030c8d? — 1,845cd* 4 )} 
48-128a‘ 480-128a5 ; 


(2) 








1 Electricity and Magnetism, 4, p. 301, 1907. 
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E. B. Rosa and Louis Cohen! extended Maxwell’s formula to terms of 
the fifth degree by expanding the terms of formula (1) in series and sub- 
stituting them in it. Their result is formula (2). Nagaoka? confirmed 
this formula including terms of the fourth degree by means of an expansion 
of a formula due to him in the g-series of Jacobi. 

Coffin? in order to deduce a formula for the self-inductance of a cylin- 
drical coil deduced a formula equivalent to Maxwell’s in which c = 0, 
that is, for equal circles, up to and including terms of the eighth degree, 
which gives with considerable exactness the mutual inductance of equal 
circles up tod = a. Coffin’s formula is 


8a 3d? 15d‘ 35d° ~—.:«1,575d® 
ue f we 35 _ 1575 4...) 
na ) 008 7 ZA + 16a,  8X128a‘ ad 128%a® §=2X128%a® - 


(24+ =, - 310 247d° 7,795@° .-) 
2 16X128at 6 X128'aS §=—- 8X 128%? ' 





(3) 





This formula has been amply verified in the form it is and in the form 
of an expression for the self-inductance of a cylindrical current sheet 
deduced from it, by many numerical calculations compared with numer- 
ical results deduced from absolute formule. In 1908 Havelock‘ deduced 
an expression for the mutual inductance of coaxial circles depending on 
certain definite integrals of Bessel functions which he expanded in series. 
His formula is 


8/ Aa r2 I r2 2 
M = 4x Aa { tog 8° [143 (F)-355(F) +] 


-[2+% ia) - sna (aa) +° je 


This formula is simpler for use than Maxwell’s but it is not in a form suit- 
able for integration. Rosa noticed however that when A = a Havelock’s 
formula reduces to Coffin’s formula (3) and hence it may be extended as 
follows: 


_ _— 
rv ay | t+ i¢0— 1,024" * 12%” — aa" ial as 


247 7:795 
24 Sam SE gay 2g 198 ved 
-[2+%6 “2,048 + 6x 128? 8 x 128°" 
where 7? = 2? + d@?,a = r/Aa. 


1 Bulletin of the Bureau of Standards, 2, p. 364, 1906. 

2 Nagaoka, Phil. Mag., 6, p. 19, 1903. 

3 J. G. Coffin, Bulletin of the Bureau of Standards, 2, p. 113, 1906. 
4 Havelock, Phil. Mag., 15, p. 332, 1908. 
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It occurred to the writer that Rosa’s extension of Maxwell’s formula 
(2) might be confirmed and new terms deduced in the following manner. 
This will be especially valuable, as the confirmation will be by a method 
independent of both Maxwell’s and Rosa’s. 

Since A =a+c 


Pf @4+e@ +e 1 | : 
- Aa (atc ape TTA O, 


a2 








a 


Aa =(a+c)a = a1 + 6), 
/Aa = a(1 + ©}, 


8/ Aa _ 
== 





8a(1 + e)# 
r 


8 
log log = log = + log (1 + ©), 


where c/a = e and d/a = ». 
With these substitutions Havelock’s formula (5) becomes 


8 
M=4n7a { log = ((: +e)'+ 3 (n?+€)(1 +6)? 


_ a (qn? + €)2(1+6)-#+ etc.) 


+} log (146 ((1+04+ 3 Pteyrte 
(6) 


- _ (n?-+2)2(1-+e) A+ etc.) 


— (20 +04 SP teyate4 


31 
16X128 





(n? +€)°(1 +¢++etc.) ; 


By expanding the parentheses (1 + €)" by means of the binomial 
theorem and using the formula for the log (1 + «) =e —3é&+4é 
— i¢+4 ---, all of which are convergent for e = c/a < 1 or forc <a 
we have obtained an extension of Maxwell’s formula (2) up to and includ- 
ing terms of the eighth degree. 

This extension confirms the coefficients of Rosa and Cohen’s extension 
and may be expected to give formule on integration over large cross 
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sections, which converge rapidly and are quite exact for values of ¢ or 
of d almost as great as the radius a. This formula is as follows 


- 8a Cc  C+30 + 3cd? | 17¢'+420%d?—15d' 
slits log r (1+ 2a + 16a2. ss 32a 1,024a* 








19a° + 30c8d? — 45cd' 
16: 128a* 








4 89c° + 45c'd? — 345c°d* + 350° 


























A = 
1287a® 
B 109¢c? — 63c5d? — 525c%d* + 175cd® 
2+128%a7 
C+ 8,921c° — 13,692c°d? — 43,050c!d* + 32,900c7d* — 15750") 
2-128%a! 
- (24 co 3C°—d@ = eb —6cd* — 19c*+53407d? — 93d* 
2a 16a? 48a’ 48 -128a* (7) 
379c° + 3,030c%d? — 1,845cd* 
480-128a° 
A ee + 12,045c'd? — 17,445c*d* + 1,235d° 
30-1287a° 
B 27,833¢7 + 71,169c'd? — 225,225c%d‘ + 50,575cd°® 
420: 128%a? 
5,204,309¢° + 5,304,852c°d* — 45,499,650c‘d* 
C’ + . + 21 1735,70007d* ae 818,475d° 
840- 128%a8 


The terms marked A, B, €, A’, B’ and C’ are the newly derived ones. 
Putting c = o this formula reduces to formula (3) as indeed it should, 
being based upon it. 

Putting d = 0 we obtain a formula for the mutual inductance of 
coaxial circles in the same plane. 
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8a c Ce é 17¢! 19c® 
ee ee ae 
al gra | 8G T 3a 16a? 320° ' 8 X 1284" 16 X 128a° 
D 89c8 109c? ‘892108 ) 
128%a® = 2-128a?_— ss 2- 128% 
(8) 
wheat. M424 ee 
2a 16a? 48a* 48-128a* 480-128a° 
p’ +. -21629¢° ___27,833¢7__, 5,204,309¢* )} 
30:128a® 420-128%a? ~— 840 128°a 


the terms in lines marked D and D’ being new. 


TEST OF THE FORMULA. 


The ideal check on the new formula lies, of course, in its agreement 
with its derivation by independent methods such as those employed by 
Maxwell and by Rosa and Cohen. 

But as these calculations were extremely laborious and the independent 
derivation by any other known method being more so, we have not 
undertaken to do this. 

A numerical test is however of great value in such a case as this, for 
although it does not prove the correctness of any formula, it makes its 
essential correctness extremely probable. 

We have made such a test for a few cases in which the true values of the 
mutual inductance were already known or in which they could be calcu- 
lated by other absolute formule. 

Example I—Let A = 25 cm., a = 20 cm., d = 10 cm. (see Fig. 1). 
The value of the mutual inductance between these two circles has been 
calculated by Rosa and Grover! by means of Maxwell’s absolute formula 
(1) to be M = 248.7875 cm. 

Let M, refer to the value of the mutual inductance between these 
circles calculated by means of the new formula (7) carried as far as and 
including terms of the mth degree. Then the following results have 
been obtained. 





(Rosa and Grover) M3 
(Rosa and Grover) Ms; 


(New Formula) Ms 
(New Formula) M; 
(New Formula) Ms 








" 


1 Bulletin Bureau of Standards, 8, p. 22, example 4, 1912. 


too large by 1 part in 1.750, 
248.8006 cm., too large by 1 part in 19,000, 
248.7892 cm., too large by 1 part in 125,000, 
248.7865 cm., too small by 1 part in 250,000, 
248.7877 cm., too large by 1 part in 1,250,000, or 4 parts in 5 mil- 
lion. 
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The agreement is very satisfactory and the various results show the 
rapidity of the convergence of the formula. 

The value of M computed by Havelock’s formula (5) extended by 
means of the coefficients of formula (3) is for the same case: 


M = 248.7873 cm. 


We at first thought that Mg should agree exactly with the preceding 
value but on consideration have come to the conclusion that an exact 
agreement is not to be expected. 

Example II.—In order to test the coefficients in formula (8), a special 
case of formula (7) in which d has been put equal to zero, we have cal- 
culated as follows: 


A =15cm., @ = 10cm., ¢c = 5cm., d = Ocm. 


The exact value of this mutual inductance was derived correct to about 
I part in a million, by means of the absolute formula of Maxwell, employ- 


ing the tables of 
M 2 2 
te seuae” {(e-*) *- 3} 


given in the Bulletin of the Bureau of Standards. 


Its value is 
M = 162.69605 cm. 


As before let M, refer to the value derived from (8) including terms of 
the mth degree, then: 


M, = 162.6816 cm.; too small by 1 part in 19,000, 
M, = 162.6985 cm.; too large by I part in 75,000, 
M; = 162.6943 cm.; too small by I part in 100,000, 


Mg = 162.6959 cm.; too small by I part in 1,000,000. 


This last result checks as nearly as the tables used will allow with the 
above value. 

In both the above numerical cases, a very precise value would have 
been obtained omitting the eighth degree terms, if one half or one third 
of the correction due to the seventh degree terms had been used instead 
of its full value. There would always seem to be an improvement in 
doing this on account of the oscillatory character of these corrections. 
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RESUME. 


The important and integrable series formula of Maxwell for the mutual 
inductance between two coaxial circles has been extended by an inde- 
pendent method to include terms of the eighth degree. This is amply 
sufficient for the most precise calculations, in which c/a and d/a are not 
too near to unity. 

The coefficients of the series including the fifth degree terms, as deter- 
mined by another method by Rosa and Cohen, have been completely 
verified. 

The correctness of the new formula has been tested by numerical 
examples and has been found to agree with absolute results to at least 
I part in 1,000,000, this being the limit of accuracy of the tables employed 
in the calculations. 

DEPARTMENT OF PHYSICS, 


THE COLLEGE OF THE City OF NEW YorRK, 
March 22, 1913. 
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THE SIGNIFICANCE OF INTENSITY—SUM IN BINAURAL 
LOCALIZATION. 


By G. W. STEWART. 


N the various contributions on sound localization, numerous references 
have been made to the difference in intensities at the ears as an 
mportant factor in sound localization. That it is an important factor 
none can dispute, but there is no evidence that it is the most important 
intensity factor. The object of this paper is to consider the sum of 
intensities as a factor in practical localization. Obviously the relative 
importance of these two factors depends upon the conditions imposed 
in the experiments. If the head and the source of sound are stationary, 
then the intensity-difference and intensity-ratio are probably the only 
intensity factors. But if the observer is allowed to turn his head at will 
and if the sound is of sufficient duration, then he has the opportunity of 
comparing different intensity-sums with different positions of the head. 
Theory.—In a previous theoretical investigation! the writer assumed 
that the apparent intensity of sound was the sum of the intensities at the 
two ears, phase not being considered, and accordingly curves were plotted 
showing the variation in this intensity-sum with different positions of 
the head. The character of the dependence of this variation upon wave- 
length was so different from that of intensity-difference and intensity- 
ratio and so unexpected withal that an experimental test was arranged 
to show whether or not the intensity-sum is a factor of importance. The 
results of the theoretical investigation of intensity-sum are reproduced 
in Fig. 1. Here the ordinates are relative values, unity at 0°, for the 
intensity-sums with different wave-lengths, and the abscisse give the 
position of the head, 0° being the position with an ear toward the source, 
go° the position with the source directly in front, and 180° with the other 
ear toward the source. The distance of the sound source is 477 cm. In 
the assumption involved in the theory, viz., that the head is a rigid sphere 
with the ears diametrically opposite, there is no distinction between 
front and rear and therefore the rotation of the head from 180° to 360° 
is secured by duplicating the curves shown in Fig. 1. 
The results for wave-lengths of 240, 120 and 60 cm. are not surprising 
when one considers that with the shorter wave-lengths the head is more 


1 Stewart, PHys. REv., XXXIII., No. 6, December, 1911, p. 467. 
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of an obstacle. That the curve for 30 cm. did not follow this general 
trend was a surprise. A check on these results is obtained from the 
results of Lord Rayleigh for a source at a great distance, for the variation 


Intensity-sum 





Position of the Head 


Fig. 1. 


in intensity in the shadow of the head with the source at 477 cm. is not 
greatly different from that with the source at a great distance.} 

The intensity-sums obtained from Lord Rayleigh’s results are repre- 
sented in the figure by dotted lines. These additional curves also indicate 
that a curve obtained for a wave-length of 6 cm. would show a greater 
flattening. More theoretical curves would have been computed if the 
computations had not been very laborious or if there had been any doubt 
in regard to the conclusions that can be drawn. 

The intensity-differences and intensity-ratios give curves of a very 
different character. Fig. 2 gives the results of such computations, 
utilizing the same values of intensities as before. The meaning of 0° 
and‘that of 90° are the same as before. It is obvious that these two sets 
of curves are similar in that the effect of changing the wave-length is a 
progressive one. In this respect they are not like the curves in Fig. 1. 
If the intensity-sum is of practical importance in the localization of 
sound, then the observer, when facing the source (90°), should have less 
difficulty in locating a source of wave-length 60 cm. than one of wave- 
length 30 cm. or 120 cm., for with the first named there is a greater varia- 
tion of the intensity-sum with a given small rotation of the head, than 
with either the 30 cm. or 120 cm. wave-length. In other words, when the 
observer faces the source of sound, a given variation of intensity-sum is ob- 


1 Stewart, loc. cit. 
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tained with a less rotation of the head in the case of a wave-length of 
60cm. The curves do not show that 60 cm. is the “‘critical’’ wave-length. 
Additional curves would need to be plotted to get nearer the truth in 
this respect. But Fig. 1 does indicate that there is a critical wave-length. 
The question to be determined experimentally is whether or not this 
theoretical deduction can be observed in practice. If it can be observed 
then the intensity-sum must be an important factor in practical sound 
localization. But more than this. The curves in Fig. 2 indicate that 


Intensity-difference 





20° o~ wo er 10° wo 60° 0° 0° 
Position of the Head 
Fig. 2. 


when the observer faces the source and rotates the head through a small 
angle, there is the greatest change with the smallest wave-length, since 
in each set of curves the slope for the 30 cm. curve is the greatest of the 
four at 90°. It would therefore seem that a search for this critical wave- 
length indicated in Fig. 1 would determine whether or not the intensity- 
sum theory is of greater importance under usual circumstances than 
either the intensity-difference or intensity-ratio theory. It seems to be 
a matter of common experience that very low or very high pitch tones 
are the most difficult to locate, but this is not sufficient to prove the point. 
Experiment.—In a room with reflecting walls sound localization be- 
comes a very complex problem. Experiments in the open air without 
reflecting surfaces are practically impossible. The results here recorded 
were obtained upon an open piece of ground thickly covered with grass. 
The sources of sound were tuning forks mounted upon resonators. No 
accurate measure of ability to localize was sought. The degrees of 
ability were graded in an arbitrary manner. 
Any of the observers could without difficulty point directly to the 
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source of sound, so readily were all the tones localized. When the 
observer, facing the source of sound 477 cm. distant, was asked to rotate 
his head back and forth and to indicate with a large pair of dividers the 
angle within which the sound seemed to be located with certainty, he 
found no serious difficulty in reaching a conclusion. The observer made 
his adjustment of the dividers with his eyes closed and the distance be- 
tween the points of the dividers was taken as a measure of the angle 
within which the sound was definitely located. The angle varied with 
different tones. The results obtained are presented in Fig. 3. 
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Fig. 3. 


Nine forks were used and any order of presentation was carefully 
avoided. The results are averages of several observations for each 
fork. The observations of the first three are satisfactory. The observa- 
tions of the fourth set, E. O. D., were taken upon windy days and were 
not satisfactory to the observer. The full line and the dotted line 
represent the results of experiments on different days. The fifth ob- 
server was partially deaf in one ear. In this case the curve shown is not 
obtained from a large number of observations but indicates in a general 
way the irregularity of his observations. The curve strengthens rather 
than weakens the conclusions derived from the other curves. The 














SEco: 
76 G. W. STEWART. — 


existence of a minimum is obvious for the percentage change in the arbi- 
trary measure of angle of localization is very great. In fact in some cases 
the change is 100 per cent. of the minimum. ’ 

Although the experiments are somewhat crude and should be carried 
out with greater degree of accuracy, the results are unmistakable. The 
curves show that the frequency 512 to 640 is localized with the greatest 
accuracy, a confirmation of the theoretical deductions based upon the 
intensity-sum as a factor. That is, there is a critical wave-length in the 
neighborhood of 60 cm., frequencies 512 to 640. An inspection of the 
curves for intensity-differences and intensity-ratios shows that neither 
of these possible factors furnish an explanation of the experimental 
results, that indeed they would point toward very different results. The 
conclusion is that the intensity-sum is an important factor in practical 
localization where the observer can and does rotate the head in the inter- 
val of the sound duration. Indeed, the confirmation is so definite that 
one is inclined to believe that, in practical localization, the intensity-sum 
is the most important intensity factor. 
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SomME MEASUREMENTS WITH THE MICROPYROMETER.! 
By G. K. BuRGEssS AND R. G. WALTENBERG. 


HE micropyrometer? has been used for the exact determination of the 
melting points of the chemical elements of atomic weight from 48 to 
59, using as calibration points Ni = 1,452, Pd = 1,549 and Pt = 1,755, and 
the calibration equation of the pyrometer lamp log c = a + b log T, where 
¢ = current and T = absolute temperature. Using samples from several 
sources, the following melting points were obtained in hydrogen: Cobalt, 1,478; 
iron (5 samples of which 3 electrolytic), 1,533; manganese, 1,260; chromium 
1,520; vanadium, 1,720; and titanium, 1,795. Ni, Fe and Co were also 
checked in an Arsem furnace. 

The melting points of Zr, Be, Y, Er, B, Th, U, etc., are under investigation, 
as also the measurement of the emissivities of the various elements by means 
of the micropyrometer. Alloying is shown not to affect the melting points 
of the metals except when there is chemical combination. Day and Sosman’s 
values for the melting points of the salts: diopside, 1,391, and anorthite, 1,549, 
were also confirmed. Several hundred steels are also being examined. Some 
of the advantages of use of the micropyrometer are (1) small quantity of 
material required (0.001 mgr.); (2) speed, five to twenty minutes for a melting 
point determination at 1,700; (3) easy calibration, two points only required; 
(4) great range available, 600° to 3000° C. 


SoME CHARACTERISTICS OF TOTAL RADIATION PYROMETERS.! 
By G. K. BurRGEss AND P. D. FOOTE. 


LTHOUGH the relation between the energy emitted by a black body 
and its temperature follows the law J = oT‘, since the fraction absorbed 
by the radiation pyrometer is in general not a constant factor for all tempera- 
tures but rather of the form f(T) we have for this type of pyrometer an equation 
1 Abstract of a paper presented at the Washington meeting of the Physical Society, April 

25 and 26, 1913, 
2“*A Micropyrometer,"’ G. K. Burgess, Bull. Bureau of Standards, 9, 475, 1913; Jl. Wash- 
Acad., 3, 7, 1913. 
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which does not necessarily follow the fourth power law but has the form E=aT®, 
where E is the electromotive force generated by the thermo-element, and a 
and b certain empirical constants, b varying from 3.5 to 4.2 with 17 instruments 
tested. 

The E.M.F. indicated by several Féry total radiation pyrometers showed 
a marked lag effect due to a slow heating of the couple. Frequently, as long 
an exposure as ten minutes is required before the maximum reading is attained. 
In other cases the lag was less than twenty seconds. After the maximum 
reading was shown, the E.M.F. for several instruments dropped an equivalent 
of 10° C., during the first ten minutes when sighted as a furnace at 1300° C., 
while other instruments maintained a constant value. This drop is due to the 
conduction of heat from the hot to cold junction of the thermo-element, and 
can be easily minimized by increasing this distance. Preliminary measure- 
ments upon the total emissivity of various substances met with in industrial 
work have shown that the equation 


E = b(log S — log T) 


is applicable where E is the total emissivity, b the exponent for the particular 
radiation pyrometer used, S the apparent temperature and T the true tempera- 
ture absolute. Using this relation, E for iron oxide was found to be 0.86, for 
nickel oxide 0.83. A slight indication of a temperature coefficient of emissivity 
was found, E increasing with temperature, but the variation was almost 
within the limit of errors of observation. 











